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Welcome to Digital Fundamentals, Ninth Edition. A strong foundation in the core funda- 
mentals of digital technology is vital to anyone pursuing a career in this exciting, fast-paced 
industry. This text is carefully organized to include up-to-date coverage of topics that can 
be covered in their entirety, used in a condensed format, or omitted altogether, depending 
upon the course emphasis. 

The topics in this text are covered in the same clear, straightforward, and well-illustrated 
format that has been so successful in the previous editions of Digital Fundamentals. Many 
topics have been strengthened or enhanced and numerous improvements can be found 
throughout the book. 

You will probably find more topics than you can cover in a single course. This range of 
topics provides the flexibility to accommodate a variety of program requirements. For ex- 
ample, some of the design-oriented or system application topics may not be appropriate in 
some courses. Other programs may not cover programmable logic, while some may not 
have time to include topics such as computers, microprocessors, or digital signal process- 
ing. Also, in some courses there may be no need to go into the details of “inside-the-chip” 
circuitry. These and other topics can be omitted or lightly covered without affecting the 
coverage of the fundamental topics. A background in transistor circuits is not a prerequi- 
site for this textbook although coverage of integrated circuit technology (inside-the-chip 
circuits) is included in a “floating chapter,’ which is optional. 

Following this Preface is a color-coded table of contents to indicate a variety of ap- 
proaches for meeting most unique course requirements. The text has a modular organiza- 
tion that allows inclusion or omission of various topics without impacting the other topics 
that are covered in your course. Because programmable logic continues to grow in impor- 
tance, an entire chapter (Chapter 11) is devoted to the topic, including PALs, GALs, 
CPLDs, and FPGAs; specific Altera and Xilinx devices are introduced. Also a generic in- 
troduction to programmable logic software is provided and boundary scan logic is covered. 


_New in This Edition 
= The Hamming error detecting and correcting code 
» Carry look-ahead adders 
» A brief introduction to VHDL 
» Expanded and improved coverage of test instruments 
» An expanded and reorganized coverage of programmable logic 
» Improved troubleshooting coverage 


» New approach to Digital System Applications 


Features 
» Full-color format 
» Margin notes provide information in a very condensed form. 


» Key terms are listed in each chapter opener. Within the chapter, the key terms are in 
boldface color. Each key term is defined at the end of the chapter, as well as at the 
end of the book in the comprehensive glossary along with other glossary terms that 
are indicated by black boldface in the text. 
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» Chapter 14 is designed as a “floating chapter” to provide optional coverage of IC 
technology (inside-the-chip circuitry) at any point in your course. 


» Overview and objectives in each chapter opener 

» Introduction and objectives at the beginning of each section within a chapter 
» Review questions and exercises at the end of each section in a chapter 

» A Related Problem in each worked example 


» Computer Notes interspersed throughout to provide interesting information about 
computer technology as it relates to the text coverage 


» Hands-On Tips interspersed throughout to provide useful and practical information 


» The Digital System Application is a feature at the end of many chapters that 
provides interesting and practical applications of logic fundamentals. 


» Chapter summaries at the end of each chapter 
» Multiple-choice self-test at the end of each chapter 


» Extensive sectionalized problem sets at the end of each chapter include basic, 
troubleshooting, system application, and special design problems. 


» The use and application of test instruments, including the oscilloscope, logic 
analyzer, function generator, and DMM, are covered. 


» Chapter 12 provides an introduction to computers. 


» Chapter 13 introduces digital signal processing, including analog-to-digital and 
digital-to-analog conversion. 


= Concepts of programmable logic are introduced beginning in Chapter 1. 
» Specific fixed-function IC devices are introduced throughout. 


» Chapter 11 provides a coverage of PALs, GALs, CPLDs and FPGAs as well as a 
generic coverage of PLD programming. 


» Selected circuit diagrams in the text, identified by the special icon shown here, are 
rendered in Multisim® 2001 and Multisim® 7, and these circuit files are provided 
on the enclosed CD-ROM. These files (also available on the Companion Website 
at www.prenhall.com/floyd) are provided at no extra cost to the consumer and are 
for use by anyone who chooses to use Multisim software. Multisim is widely 
regarded as an excellent simulation tool for classroom and laboratory learning. 
However, successful use of this textbook is not dependent upon use of the circuit 
files. 


» Boundary scan logic associated with programmable devices is introduced in 
Chapter 11. 


» In addition to boundary scan, troubleshooting coverage includes methods for testing 
programmable logic, such as traditional, bed-of-nails, and flying probe. Boundary 
scan and these other methods are important in manufacturing and industry. 


© For those who wish to include ABEL programming, an introduction is provided on 
the Companion Website at www.prenhall.com/floyd. 


_Accompanying Student Resources 


» Experiments in Digital Fundamentals, a laboratory manual by David M. Buchla. 
Solutions for this manual are available in the Instructor’s Resource Manual. 


» Two CD-ROMs included with each copy of the text: 
Circuit files in Multisim for use with Multisim software 
Texas Instruments digital devices data sheets 


Instructor Resources 


« PowerPoint® slides. These presentations feature Lecture Notes and figures from 
the text. (On CD-ROM and online.) 


» Companion Website. (www.prenhall.com/floyd). For the instructor, this website 
offers the ability to post your syllabus online with our Syllabus Manager™. This is a 
great solution for classes taught online, that are self-paced, or in any computer- 
assisted manner. 


« Instructor’s Resource Manual. Includes worked-out solutions to chapter problems, 
solutions to Digital System Applications, a summary of Multisim simulation results, 
and worked-out lab results for the lab manual by David M. Buchla. (Print and 
online.) 


» Test Item File. This edition of the Test Item File features over 900 questions. 


« TestGen.® This is an electronic version of the Test Item File, enabling instructors to 
customize tests for the classroom. 


To access supplementary materials online, instructors need to request an instructor access 
code. Go to www.prenhall.com, click the Instructor Resource Center link, and then click 
Register Today for an instructor access code. Within 48 hours after registering you will re- 
ceive a confirming e-mail including an instructor access code. Once you have received your 
code, go to the website and log on for full instructions on downloading the materials you 
wish to use. 


Illustration of Chapter Features 


Chapter Opener Each chapter begins with a two-page spread, as shown in Figure P—1. 
The left page includes a list of the sections in the chapter and a list of chapter objectives. A 
typical right page includes an overview of the chapter, a list of specific devices introduced 
in the chapter (each new device is indicated by an IC logo at the point where it is intro- 
duced), a brief Digital System Application preview, a list of key terms, and a website ref- 
erence for chapter study aids. 


Section Opener Each of the sections in a chapter begins with a brief introduction that in- 
cludes a general overview and section objectives. An illustration is shown in Figure P—2. 


Section Review Each section ends with a review consisting of questions or exercises that 
emphasize the main concepts presented in the section. This feature is shown in Figure P—2. 
Answers to the Section Reviews are at the end of the chapter. 
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FUNCTIONS OF 


COMBINATIONAL LOGIC 


6-1 Basic Adders 
Parallel Binary Adders 
Ripple Carry versus Look-Ahead Carry Adders 
Comparators 
Decoders 
Encoders 
Code Converters 
Multiplexers (Data Selectors) 
Demultiplexers 
Parity Generators/Checkers 


6-11 Troubleshooting 
Digital System Application 


© Distinguish between half-adders and full-adders 
Use full-adders to implement multibit parallel binary adders 


Explain the differences between ripple carry and look-ahead 
carry parallel adders 


Use the magnitude comparator to determine the relationship 
between two binary numbers and use cascaded comparators to 
handle the comparison of larger numbers 


© Implement a basic binary decoder 
«© Use BCD-to-7-segment decoders in display systems 


© Apply a decimal-to-BCD priority encoder in a simple keyboard 
application 


© Convert from binary to Gray code, and Gray code to binary by 
using logic devices 


© Apply multiplexers in data selection, multiplexed displays, logic 
function generation, and simple communications systems 


© Use decoders as demultiplexers 

© Explain the meaning of parity 

« Use parity generators and checkers to detect bit errors in digital 
systems 


© Implement a simple data communications system 
© Identify glitches, common bug; in digital systems 


KEY TERMS 


' Half-adder Encoder 
Full-adder » Priority encoder 
~ Cascading Multiplexer (MUX) 
~ Ripple carry  Demultiplexer (DEMUX) 
* Look-ahead carry * Parity bit 


INTRODUCTION 


In this chapter, several types of combinational logic circuits 
are introduced including adders, comparators, decoders, 
encoders, code converters, multiplexers (data selectors), 
demultiplexers, and parity generators/checkers. Examples of 
fixed-function IC devices are included. 


(ED-FUNCTION LOGIC DEVICES 
74XX42 74XX47 74XX85 

74XX138 = 74XX139—- 74XX147 

74XX148 = 74XX151—- 74XX154 

74XX157  74XX280 = 74XX283 


The Digital System Application illustrates concepts from this 
chapter and deals with one portion of a traffic light control 
system. The system applications in Chapters 6, 7, and 8 focus 
on various parts of the traffic light control system. Basically, 
this system controls the traffic light at the intersection of a 
busy street and a lightly traveled side street. The system 
includes a combinational logic section to which the topics 
in this chapter apply, a timing circuit section to which 
Chapter 7 applies, and a sequential logic section to which 
Chapter 8 applies. 


» Decoder * Glitch 





BM vir re COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 





«A FIGURE P-1 
Chapter opener. 


Worked Examples and Related Problems An abundance of worked examples help to il- 
lustrate and clarify basic concepts or specific procedures. Each example ends with a Re- 
lated Problem that reinforces or expands on the example by requiring the student to work 
through a problem similar to the example. A typical worked example with a Related Prob- 
lem is shown in Figure P-3. 


Troubleshooting Section Many chapters include a troubleshooting section that relates 
to the topics covered in the chapter and that emphasizes troubleshooting techniques and 
the use of test instruments. A portion of a typical troubleshooting section is illustrated in 
Figure P—4. 


Digital System Application Appearing at the end of many chapters, this feature presents 
a practical application of the concepts covered in the chapter. This feature presents a “real- 
world” system in which analysis, troubleshooting, and design elements are implemented 
using procedures covered in the chapter. Some Digital System Applications are limited to 
a single chapter and others extend over two or more chapters. Specific Digital System Ap- 
plications are as follows: 


© Tablet counting and control system: Chapter | 
« Digital display: Chapters 4 and 11. 


» Storage tank control system: Chapter 5 


>» FIGURE P-2 





Section opener and section review. 


» FIGURE P-3 


An example and related problem. 
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Review exercises end each section. 


THE AND GATE ® 117 


SECTION 3-1 : ‘ : 
REVIEW 1. When a 1 is on the input of an inverter, what is the output? 


Answers are at the end of the 2. An active HIGH pulse (HIGH level when asserted, LOW level when not) is required 
chapter. on an inverter input. 
(a) Draw the appropriate logic symbol, using the distinctive shape and the 
negation indicator, for the inverter in this application. 
(b) Describe the output when a positive-going pulse is applied to the input of an 
inverter. 


(BE27 2 tHe AND GATE 


The AND gate is one of the basic gates that can be combined to form any logic function. 
An AND gate can have lwo or more inputs and performs what is known as logical 
multiplication, 


After completing this section, you should be able to 
® Identify an AND gate by its distinctive shape symbol or by its rectangular outline 


“tory naracn: . ist of symbol ® Describe the operation of an AND gate ™ Generate the truth table for an 
Introducts ry paragraph and a list ¢ f Ise essai ach nae ota, @ Penboes calles Regt Ox AI oak 
performance-based section objectives with any specified input waveforms ™ Write the logic expression for an AND gate with 


; : any number of inputs ® Discuss examples of AND gate applications 
begin each section. 


The term gate is used to describe a circuit that performs a basic logic operation. The 
AND gate is composed of two or more inputs and a single output, as indicated by the stan- 
dard logic symbols shown in Figure 3-8, Inputs are on the left, and the output is on the right 
in each symbol. Gates with two inputs are shown; however, an AND gate can have any num- Logic gates are the building blocks 
ber of inputs greater than one. Although examples of both distinctive shape symbols and | of computers. Most of the functions 
rectangular outline symbols are shown, the distinctive shape symbol, shown in part (a)is~ in a computer, with the exception 
used predominantly in this book. _ of certain types of memory, are 

implemented with logic gates used 
on a very large scale. For example, a 
A A r= microprocessor, which is the main 
oT . = ot part of a computer, is made up of 
hundreds of thousands or even 
(a) Distinctive sho (b) Rectangular outline with the millions of logic gates. 
AND (&) qualifying symbol 


COMPUTER NOTE 





« FIGUR: 
tahdard logic symbols for the AND gate showing two inputs (ANSI/IEEE Std. 91-1984). 


Computer Notes are found throughout ‘Operation of an AND Gate 
h ie ee An AND gate produces a HIGH output on/y when all of the inputs are HIGH, When any of — An AND gate can have more 
the text. the inputs is LOW, the output is LOW. Therefore, the basic purpose of an AND gate isto — than two inpuls. 


determine when certain conditions are simultaneously true, as indicated by HIGH levels on 
all of its inputs, and to produce a HIGH on its output to indicate that all these conditions are 
true. The inputs of the 2-input AND gate in Figure 3-8 are labeled A and B, and the output 
is labeled X, The gate operation can be stated as follows: 


For a 2-input AND gate, output XY is HIGH only when inputs A and B are HIGH; 
X is LOW when cither A or B is LOW, or when both A and B are LOW. 





A special icon indicates selected 
circuits that are on the CD-ROM 
packaged with the text. 
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The logic diagram in Figure 5—3(a) shows an AND-OR-Invert circuit and the develop- 
ment of the POS output expression. The ANSI standard rectangular outline symbol is 
shown in part (b). In general. an AND-OR-Invert circuit can have any number of AND gates 
cach with any number of inputs. 










© FIGURE 5-3 


An AND-OR-Invert circuit produces 
a POS output Open file F05-03 to 
verify the operation. 








The operation of the AND-OR-Invert circuit in Figure 5-3 is stated as follows: 










For a 4-input AND-OR-Invert logic circuit, the output XY is LOW (0) if both 
input A and input B are HIGH (1) or both input C and input D are HIGH (1). 







A truth table can be developed from the AND-OR truth table in Table 5-1 by simply chung- 
ing all Is to Os and all Os to Is in the output column. 


EXAMPLE 5-2 ee 
The sensors in the chemical tanks of Example 5-1 are being replaced by a new model 


that produces a LOW voltage instead of a HIGH voltage when the level of the 
chemical in the tank drops below a critical point. 

Modify the circuit in Figure 5-2 to operate with the different input levels and still 
produce a HIGH output to activate the indicator when the level in any two of the tanks 
drops below the critical point. Show the logic diagram. 









Examples are set off from text. 












The AND-OR-Invert circuit in Figure 5—4 has inputs from the sensors on tanks A, B, 
and C as shown. The AND gate G, checks the levels in tanks A and B, gate G, checks 
tanks A and C, and gate G, checks tanks B and C. When the chemical level in any two 
of the tanks gets too low, cach AND gate will have a LOW on at least one input 
causing its output to be LOW and, thus, the final output X from the inverter is HIGH. 
This HIGH output is then used to activate an indicator. 











Each example contains a problem 
related to the example. 






* FIGURE 5-4 





Related Problem Write the Boolean expression for the AND-OR-Invert logic in Figure 5—4 and show 
that the output is HIGH (1) when any two of the inputs A, B, and C are LOW (0). 
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PREFACE 


(BRM troustesHootine ee 


Troubleshooting is the process of recognizing, isolating, and correcting a fault or failure 
in @ Circuit or system. To be an effective troubleshooter, you must understand how the 
circuit or system is supposed to work and be able to recognize incorrect performance. 
For example, to determine whether or not a certain logic gate is faulty, you must know 
what the output should be for given inputs. 


After completing this section, you should be able to 


= Test for internally open inputs and outputs in IC gates ® Recognize the effects of a 
shorted [C input or output ® Test for external faults on a PC board ® Troubleshoot a 
simple frequency counter using an oscillosope 


Internal Failures of 1C Logic Gates 


Opens and shorts are the most common types of internal gate failures. These can occur on 
the inputs or on the output of a gate inside the IC package. Before attempting any trou- 
bleshooting, check for proper dc supply voltage and ground. 


Effects of an Internally Open Input An internal open is the result of an open componcnt 
on the chip or a break in the tiny wire connecting the IC chip to the package pin. An open 
input prevents a signal on that input from getting to the output of the gate. as illustrated in 
Figure 3-67(a) for the case of a 2-input NAND gate. An open TTL input acts effectively as 
a HIGH level, so pulses applied to the good input get through to the NAND gate output as 
shown in Figure 3-67(b). 


Open input {Open uyput 


(a} Application of pulses to the open input will produce no pulses 


on the output 


(b) Apphicativa of pulses to the good input will produce output pulses for 


TTL NAND and AND gates because an open input typically acts as a 
HIGH. I is uncenain for CMOS. 


«A FIGURE 3-67 
The effect of an open input on a NAND gate. 


Conditions for Testing Gates When testing a NAND gate or an AND gate, always make 
sure that the inputs that are not being pulsed are HIGH to enable the gate. When checking 
a NOR gate or an OR gate, always make sure that the inputs that are not being pulsed are 
LOW. When checking an XOR or XNOR gate, the level of the nonpulsed input does not 
matter because the pulses on the other input will force the inputs to alternate between the 


Ssusea = <= | 
ssgsaa = Oh j 


fa) Pin 13 input and pin 11 output OK (d) Pin 12 input is open. 


* FIGURE 3-68 
Troubleshooting a NAND gate for an open input. 


The first step in troubleshooting an IC that is suspected of being faulty is to make sure that 
the de supply voltage (V¢_-) and ground are at the appropriate pins of the IC. Next, apply con- 
tinuous pulses to one of the inputs to the gate, making sure that the other input is HIGH (in the 
case of a NAND gate). In Figure 3-68(a). start by applying a pulse waveform to pin 13, which 
is one of the inputs to the suspected gate. If a pulse waveform is indicated on the output (pin 
11 in this case}, then the pin 13 input is not open. By the way. this also proves that the output 
is not open. Next, apply the pulse waveform to the other gate input (pin [2), making sure the 
other input is HIGH. There is no pulse waveform on the output at pin 11 and the output is 
LOW, indicating that the pin 12 input is open, as shown in Figure 3-68(b). The input not be- 


TROUBLESHOOTING ® 


161 


ing pulsed must be HIGH for the case of a NAND gate or AND gate. If this were a NOR gate, 
the input not being pulsed would have to be LOW. 


same level and opposite levels. 


Troubleshooting an Open Input Troubleshooting this type of failure is easily accom- 
plished with an oscilloscope and function generator, as demonstrated in Figure 3-68 for the 
case of a 2-input NAND gate package. When measuring digital signals with a scope, always 
use de coupling. 


Effects of an Internally Open Output An internally open gate output prevents a signal on 
any of the inputs from getting to the output. Therefore, no matter what the input conditions 
are, the output is unaffected. The level at the output pin of the IC will depend upon what it 





A FIGURE P-4 


Representative pages from a portion of a typical Troubleshooting section. 


« Traffic light control system: Chapters 6, 7, and 8 
» Security system: Chapters 9 and 10 


Digital System Applications may be treated as optional because omitting them will not 
affect any other material in the text. Figure P—5 shows a portion of a Digital System Appli- 
cation feature. 


Chapter End The following study aids end each chapter: 
» Summary 
«= Key term glossary 
» Self-test 


= Problem set that includes some or all of the following categories: Basic, 
Troubleshooting, Digital System Application, Design, and Multisim 
Troubleshooting Practice 


» Answers to Section Reviews 
~ Answers to Related Problems for Examples 


» Answers to Self-Test 


Book End 


= Appendices: Code conversion and table of powers of two (Appendix A) and traffic 
light interface circuits (Appendix B) 
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! 
' 
! a ISURE Cute Traffic light and 
; light fora minimum of 25s oraslongas © intervals of 25 s anc 4s that are required | | snaesbace oalk 
| there is no vehicle on the side street. The ~_<_in the system and to generate a clock 
; side street is to have a green light until signal for cycling the system (timing 
> there is no vehicle on the side street or for | circuits). The time intervals (long and 
} amaximum of 255. There istobea4s short) and the vehicle sensor are inputs 
+ caution light {yellow) between changes —_¢_ to the sequential logic because the 
; from green to red on both the main street | sequencing of states is a function of these 
| and on the side street. These requirements i variables. Logic circuits are also needed to 
DIGITAL SYSTEM | are illustrated in the pictorial diagram in f determine which of the four states the 
| Figure 6-65, 5 system Is in at any given time, to generate 
! the proper outputs to the lights (state 
: Developing a Block | decoder and light cutput logic), and to 
} Diagram of the System initiate the long and short time intervals. | 
} From the requirements, you can develop a { Interface circuits are included in the 
| In this digital system application, you | block diagram of the system. First, you | traffic light and interface unit to convert 
! begin working with a traffic light control. | _know that the system must control six | the output levels of the light output logic 
| system. In this section, the system | different pairs of lights. These are the red, = to the voltages and currents required to j 
| requirements are established, a general __yellow, and green lights for both directions | turn on each of the lights. Figure 6-67 & | 
| block diagram is developed, andastate on the main street and the red, yeliow, : 2 more detailed block diagram showing 
| diagram is created to define the sequence _ and green lights for both directions on the | these essential elements. 
| ef operation. A portion of the system ; side street Alo, you know thatthere is: 
| involving combinational logic is designed _-one extemal input (other than power) _;_ The State Diagram 
| and methods of testing are considered. ; from a side street vehicle sensor. Figure i A state diagram graphically shows the 
The timing and sequential portions of the 6-66 is a minimal block diagram showing i sequence of states in a system and the 
system will be dealt with in Chapters 7 } these requirements. : conditions for each state and for 
and 8. i Using the minimal system block » transitions from one state to the next. 
| diagram, you can begin to fill in the | Actually, Figure 6-65 is a form of state 
General System Requirements details. The system has four states, as | diagram because it shows the sequence of 
A digital controller is required to control a | indicated in Figure 6~65, so a logic circuit } states and the conditions. 
traffic light at the intersection of a busy j is needed to control the sequence of ! 


Traffic light control logic 


Red 
Main ¢ Yetlow 
Green 


APPLICATION Red 
Side Yellow 
Green 


Traffic light control logic Traffic light and 


interface unit 
Combinational logic 


Yellow 


Sequential logic Red 
Main 


Green 


Red 
Side) Yellow 
Green 


Long trigger 


main street and an occasionally used side | states (sequential logic). Also, circuits are Definition of Variables Before a tradi- 
| street. The main street isto havea green | needed to generate the proper time | tional state diagram can be developed, 
' 
' 


Shon Long Clock 
timer cmer 


Timing cireuits 





Short trigger 


oO Completed in this chapter | Completed in Chapter 7 f) Completed in Chapter 8 


A FIGURE 6-67 
Syste block diagram showing the essential elements. 


First state: 25 seconds Second state: + seconds Third state; 25 seconds Fourth state: 4 seconds 
minimum or as long us maximum or until 

there is no vehicle on there is no vehicle on 

side street side street the variables that determine how the sys- | ™ Vehicle present on side street = V, ! The use of complemented variables 
tem sequences through its states must be w 25 stiner (lone tines) & r, ; indicates the opposite conditions. For 
defined. These variables and their symbols | s Ere one timer is OFS te = example, V, indicates that there is no 


are listed as follows: im 4s timer (short timer) is on = T, : vehicle on the side street, T, indicates the 


FIGURE 6-65 
Requirements for the traffic light sequence. 





A FIGURE P-5 
Representative pages from a typical Digital System Application. 


» Answers to odd-numbered problems 
= Comprehensive glossary 


» Index 


To the Student 





Digital technology is hot! Most everything has already gone digital or will in the near fu- 
ture. For example, cell phones and other types of wireless communication, television, ra- 
dio, process controls, automotive electronics, consumer electronics, global navigation, 
military systems, to name only a few applications, depend heavily on digital electronics. 

A strong foundation in the fundamentals of digital technology will prepare you for the 
highly skilled and high-paying jobs of the future. The single most important thing you can 
do is to understand the core fundamentals. From there you can go anywhere. 

In addition, programmable logic is becoming extremely important in today’s technology 
and that topic is introduced in this book. Of course, efficient troubleshooting is a skill that 
is also widely sought. Troubleshooting and testing methods from traditional testing to man- 
ufacturing techniques, such as bed-of-nails, flying probe, and boundary scan, are covered 
in this book. These are examples of the skills you can acquire with a serious effort to learn 
the concepts presented. 


The CD-ROMs Two CDs are included with this book. One contains Texas Instruments 
data sheets for digital integrated circuits. The other contains circuit files in Multisim for use 
with Multisim software Versions 2001 or 7. (These Version 2001 and Version 7 circuit 
files—as well as those for use with Multisim 8—also appear on the Companion Website at 
www.prenhall.com/floyd.) 
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PREFACE 


User's Guide for Instructors 


Generally, time limitation or program emphasis determine the topics to be covered in a 
course. It is not uncommon to omit or condense topics or to alter the sequence of certain 
topics in order to customize the material for a particular course. The author recognizes this 
and has designed this textbook specifically to provide great flexibility in topic coverage. 

Using a modular approach, certain topics are organized in separate sections or features 
such that if they are omitted, the rest of the coverage is not affected. Also, if these topics are 
included, they flow seamlessly with the rest of the coverage. The book is organized around 
a core of fundamental topics that are, for the most part, essential in any digital course. 
Around this core, there are other topics that can be included or omitted depending on the 
course emphasis or other factors. Figure P-6 illustrates this modular concept. 


M™ Core Fundamentals The fundamental topics of digital logic should, for the most part, 
be covered in all programs. Linked to the core are several “‘satellite” topics that may be con- 
sidered for omission or inclusion, depending on your course goals. Any block surrounding 
the core can be omitted without affecting the core fundamentals. 


© Programmable Logic Although it is an important topic, programmable logic can be 
omitted, but it is recommended that you cover this topic if at all possible. You can cover as 
little or as much as you consider practical for your program. 


® Troubleshooting Troubleshooting sections appear in many chapters. 
M™@ Digital System Applications System applications appear in many chapters. 


Mi Integrated Circuit Technologies Some or all of the topics in Chapter 14 can be cov- 
ered at selected points if you wish to discuss details of the circuitry that make up digital in- 
tegrated circuits. 


™ Special Topics These topics are Introduction to Computers and Digital Signal Pro- 
cessing in Chapters 12 and 13, respectively. These are special topics and may not be essen- 
tial to your digital course. 

Also, within each block in Figure P-6 you can choose to omit or de-emphasize some top- 
ics because of time constraints or other priorities. For example, in the core fundamentals, 
error correction codes, carry look-ahead adders, sequential logic design, and other selected 
topics could be omitted. 


Customizing the Table of Contents You can take any one of several paths through 
Digital Fundamentals, Ninth Edition, depending on the goals of your particular program. 
Whether you choose a minimal coverage of only core fundamentals, a full-blown cover- 
age of all the topics, or anything in between, this book can be adapted to your needs. The 
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Table of Contents following this preface is color coded to match the blocks in Figure 
P-6. This allows you to identify topics for omission or inclusion for customizing your 
course. 

Several options for use of Digital Fundamentals, Ninth Edition are shown below in 
terms of topics color coded to Figure P-6. Other options are possible, too, including partial 
coverage of some topics. 
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CHAPTER OUTLINE CHAPTER OBJECTIVES 


Digital and Analog Quantities Explain the basic differences between digital and analog 
quantities 


Binary Digits, Logic Levels, and Digital 
Waveforms Show how voltage levels are used to represent digital quantities 


Basic Logic Operations f , ' 
Describe various parameters of a pulse waveform such as rise 


Overview of Basic Logic Functions time, fall time, pulse width, frequency, period, and duty cycle 


Fixed-Function Integrated Circuits 
Ixed-Function Integrated Uircul Explain the basic logic operations of NOT, AND, and OR 


Introduction to Programmable Logic 
Describe the logic functions of the comparator, adder, code 


converter, encoder, decoder, multiplexer, demultiplexer, 


. Test and Measurement Instruments 
Cr Digital System Application counter, and register 





Identify fixed-function digital integrated circuits according to 


their complexity and the type of circuit packaging 


Identify pin numbers on integrated circuit packages 


Describe programmable logic, discuss the various types, and 
describe how PLDs are programmed 


Recognize various instruments and understand how they are 


used in measurement and troubleshooting digital circuits and 


systems 


Show how a complete digital system is formed by combining the 


basic functions in a practical application 


KEY TERMS 


Analog 
Digital 
Binary 
Bit 
Pulse 
Clock 
Timing diagram 
Data 
Serial 
Parallel 
Logic 
Input 


Key terms are in order of appearance in the chapter. 


Output 
Gate 
NOT 
Inverter 
AND 

OR 
Integrated circuit (IC) 
SPLD 
CPLD 
FPGA 
Compiler 


Troubleshooting 






INTRODUCTION 


The term digital is derived from the way computers perform 
operations, by counting digits. For many years, applications 
of digital electronics were confined to computer systems. 
Today, digital technology is applied in a wide range of areas 
in addition to computers. Such applications as television, 
communications systems, radar, navigation and guidance 
systems, military systems, medical instrumentation, industrial 
process control, and consumer electronics use digital 
techniques. Over the years digital technology has progressed 
from vacuum-tube circuits to discrete transistors to complex 
integrated circuits, some of which contain millions of 
transistors. 

This chapter introduces you to digital electronics and 
provides a broad overview of many important concepts, 
components, and tools. 


HEB DIGITAL SYSTEM APPLICATION PREVIEW 





The last feature in many chapters of this textbook uses a 
system application to bring together the principal topics 
covered in the chapter. Each system is designed to fit the 
particular chapter to illustrate how the theory and devices 
can be used. Throughout the book, five different systems are 
introduced, some covering two or more chapters. 

All of the systems are simplified to make them 
manageable in the context of the chapter material. 
Although they are based on actual system requirements, they 
are designed to accommodate the topical coverage of the 
chapter and are not intended to necessarily represent the 
most efficient or ultimate approach in a given application. 

This chapter introduces the first system, which is an 
industrial process control system for counting and controlling 
items for packaging on a conveyor line. It is designed to 
incorporate all of the logic functions that are introduced in 
this chapter so that you can see how they are used and how 
they work together to achieve a useful objective. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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Se DIGITAL AND ANALOG QUANTITIES 


> FIGURE 1-1 
Graph of an analog quantity 


(temperature versus time). 


Electronic circuits can be divided into two broad categories, digital and analog. Digital 
electronics involves quantities with discrete values, and analog electronics involves 
quantities with continuous values. Although you will be studying digital fundamentals 
in this book, you should also know something about analog because many applications 
require both; and interfacing between analog and digital is important. 


After completing this section, you should be able to 


= Define analog ™ Define digital ™ Explain the difference between digital and analog 
quantities ™ State the advantages of digital over analog ™ Give examples of how digital 
and analog quantities are used in electronics 


An analog* quantity is one having continuous values. A digital quantity is one having 
a discrete set of values. Most things that can be measured quantitatively occur in nature in 
analog form. For example, the air temperature changes over a continuous range of values. 
During a given day, the temperature does not go from, say, 70° to 71° instantaneously; it 
takes on all the infinite values in between. If you graphed the temperature on a typical sum- 
mer day, you would have a smooth, continuous curve similar to the curve in Figure 1-1. 
Other examples of analog quantities are time, pressure, distance, and sound. 


Temperature 
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Rather than graphing the temperature on a continuous basis, suppose you just take a tem- 
perature reading every hour. Now you have sampled values representing the temperature at 
discrete points in time (every hour) over a 24-hour period, as indicated in Figure 1—2. You 
have effectively converted an analog quantity to a form that can now be digitized by repre- 
senting each sampled value by a digital code. It is important to realize that Figure |—2 itself 
is not the digital representation of the analog quantity. 


The Digital Advantage Digital representation has certain advantages over analog repre- 
sentation in electronics applications. For one thing, digital data can be processed and trans- 
mitted more efficiently and reliably than analog data. Also, digital data has a great 
advantage when storage is necessary. For example, music when converted to digital form 
can be stored more compactly and reproduced with greater accuracy and clarity than is pos- 
sible when it is in analog form. Noise (unwanted voltage fluctuations) does not affect dig- 
ital data nearly as much as it does analog signals. 


All bold terms are important and are defined in the end-of-book glossary. The blue bold terms are key 
terms and are included in a Key Term glossary at the end of each chapter. 
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An Analog Electronic System 


A public address system, used to amplify sound so that it can be heard by a large audience, is 
one simple example of an application of analog electronics. The basic diagram in Figure 1—3 
illustrates that sound waves, which are analog in nature, are picked up by a microphone and 
converted to a small analog voltage called the audio signal. This voltage varies continuously 
as the volume and frequency of the sound changes and is applied to the input of a linear am- 
plifier. The output of the amplifier, which is an increased reproduction of input voltage, goes 
to the speaker(s). The speaker changes the amplified audio signal back to sound waves that 
have a much greater volume than the original sound waves picked up by the microphone. 


SS 


=, Original sound waves 
i reste 
<a 


Microphone Reproduced 


The compact disk (CD) player is an example of a system in which both digital and analog cir- 
cuits are used. The simplified block diagram in Figure 1-4 illustrates the basic principle. Mu- 
sic in digital form is stored on the compact disk. A laser diode optical system picks up the 
digital data from the rotating disk and transfers it to the digital-to-analog converter (DAC). 


Linear amplifier 


Audio signal 





Amplified audio signal 


_A System Using Digital and Analog Methods 
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< FIGURE 1-2 


Sampled-value representation 
(quantization) of the analog 
quantity in Figure 1-1. Each value 
represented by a dot can be digitized 
by representing it as a digital code 
that consists of a series of 1s and 0s. 


<@ FIGURE 1-3 


A basic audio public address system. 


<< FIGURE 1-4 


Basic block diagram of a CD player. 


Only one channel is shown. 
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| [section 1-1 
REVIEW 


Answers are at the end of the 
chapter. 


The DAC changes the digital data into an analog signal that is an electrical reproduction of 
the original music. This signal is amplified and sent to the speaker for you to enjoy. When the 
music was originally recorded on the CD, a process, essentially the reverse of the one de- 
scribed here, using an analog-to-digital converter (ADC) was used. 


. Define analog. 
. Define digital. 
. Explain the difference between a digital quantity and an analog quantity. 


® WW BR) ox 


. Give an example of a system that is analog and one that is a combination of both 
digital and analog. Name a system that is entirely digital. 


22) sinary DIGITS, LOGIC LEVELS, AND DIGITAL WAVEFORMS 


COMPUTER NOTE 





The concept of a digital co 
can be traced back to Charles 
Babbage, who developed a crude 
mechanical computation device in 
the 1830s. John Atanasoff was the 
first to apply electronic processing 
_to digital computing in 1939. In 
1946, an electronic digital 
computer called ENIAC was 
implemented with vacuum-tube 
circuits. Even though it took up an 
entire room, ENIAC didn’t have 
the computing power of your 
handheld calculator. 


Digital electronics involves circuits and systems in which there are only two possible 
states. These states are represented by two different voltage levels: A HIGH and a LOW. 
The two states can also be represented by current levels, bits and bumps on a CD or 
DVD, etc. In digital systems such as computers, combinations of the two states, called 
codes, are used to represent numbers, symbols, alphabetic characters, and other types of 
information. The two-state number system is called binary, and its two digits are 0 and 1. 
A binary digit is called a bit. 


After completing this section, you should be able to 


= Define binary ® Define bit ™ Name the bits in a binary system ® Explain how voltage 
levels are used to represent bits ® Explain how voltage levels are interpreted by a digital 
circuit ™ Describe the general characteristics of a pulse ® Determine the amplitude, rise 
time, fall time, and width of a pulse ® Identify and describe the characteristics of a digital 
waveform ® Determine the amplitude, period, frequency, and duty cycle of a digital 
waveform ® Explain what a timing diagram is and state its purpose ® Explain serial and 
parallel data transfer and state the advantage and disadvantage of each 


Binary Digits 


Each of the two digits in the binary system, | and 0, is called a bit, which is a contraction 
of the words binary digit. In digital circuits, two different voltage levels are used to repre- 
sent the two bits. Generally, 1 is represented by the higher voltage, which we will refer to 
as a HIGH, and a 0 is represented by the lower voltage level, which we will refer to as a 
LOW. This is called positive logic and will be used throughout the book. 


HIGH =1 and LOW=0 


Another system in which a | is represented by a LOW and a 0 is represented by a HIGH is 
called negative logic. 

Groups of bits (combinations of Is and Os), called codes, are used to represent numbers, 
letters, symbols, instructions, and anything else required in a given application. 


Logic Levels 


The voltages used to represent a | and a 0 are called logic levels. Ideally, one voltage level 
represents a HIGH and another voltage level represents a LOW. In a practical digital cir- 
cuit, however, a HIGH can be any voltage between a specified minimum value and a spec- 
ified maximum value. Likewise, a LOW can be any voltage between a specified minimum 
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«@ FIGURE 1-5 
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Logic level ranges of voltage for a 
digital circuit. 
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and a specified maximum. There can be no overlap between the accepted range of HIGH 
levels and the accepted range of LOW levels. 

Figure 1—5 illustrates the general range of LOWs and HIGHs for a digital circuit. The 
variable Vimax) represents the maximum HIGH voltage value, and Vyyminy represents the 
minimum HIGH voltage value. The maximum LOW voltage value is represented by 
Vimax)» and the minimum LOW voltage value is represented by Vi (pin). The voltage val- 
ues between Vi (ax) ANd Vein) are Unacceptable for proper operation. A voltage in the un- 
allowed range can appear as either a HIGH or a LOW to a given circuit and is therefore 
not an acceptable value. For example, the HIGH values for a certain type of digital cir- 
cuit called CMOS may range from 2 V to 3.3 V and the LOW values may range from 
0 V to 0.8 V. So, for example, if a voltage of 2.5 V is applied, the circuit will accept it as 
a HIGH or binary 1. If a voltage of 0.5 V is applied, the circuit will accept it as a LOW 
or binary O. For this type of circuit, voltages between 0.8 V and 2 V are unacceptable. 


Digital Waveforms 


Digital waveforms consist of voltage levels that are changing back and forth between the 
HIGH and LOW levels or states. Figure 1—6(a) shows that a single positive-going pulse is 
generated when the voltage (or current) goes from its normally LOW level to its HIGH level 
and then back to its LOW level. The negative-going pulse in Figure 1—6(b) is generated 
when the voltage goes from its normally HIGH level to its LOW level and back to its HIGH 
level. A digital waveform is made up of a series of pulses. 






HIGH -— HIGH “@ FIGURE 1-6 
Rising or ~~ Falling or Falling or Rising or Ideal pulses. 
leading edge trailing edge leading edge trailing edge 

LOW LOW -- 

fy s 
(a) Positive—going pulse (b) Negative—going pulse 


The Pulse As indicated in Figure 1-6, a pulse has two edges: a leading edge that occurs 
first at time fp and a trailing edge that occurs last at time f,. For a positive-going pulse, the 
leading edge is a rising edge, and the trailing edge is a falling edge. The pulses in Figure 
1-6 are ideal because the rising and falling edges are assumed to change in zero time (in- 
stantaneously). In practice, these transitions never occur instantaneously, although for most 
digital work you can assume ideal pulses. 

Figure 1-7 shows a nonideal pulse. In reality, all pulses exhibit some or all of these 
characteristics. The overshoot and ringing are sometimes produced by stray inductive and 
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» FIGURE 1-7 Overshoot 









Nonideal pulse characteristics. Ringing 
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capacitive effects. The droop can be caused by stray capacitive and circuit resistance, form- 
ing an RC circuit with a low time constant. 

The time required for a pulse to go from its LOW level to its HIGH level is called the 
rise time (¢,), and the time required for the transition from the HIGH level to the LOW level 
is called the fall time (¢,). In practice, it is common to measure rise time from 10% of the 
pulse amplitude (height from baseline) to 90% of the pulse amplitude and to measure the 
fall time from 90% to 10% of the pulse amplitude, as indicated in Figure 1—7. The bottom 
10% and the top 10% of the pulse are not included in the rise and fall times because of the 
nonlinearities in the waveform in these areas. The pulse width (fy) is a measure of the du- 
ration of the pulse and is often defined as the time interval between the 50% points on the 
rising and falling edges, as indicated in Figure 1-7. 


Waveform Characteristics Most waveforms encountered in digital systems are composed 
of series of pulses, sometimes called pulse trains, and can be classified as either periodic or 
nonperiodic. A periodic pulse waveform is one that repeats itself at a fixed interval, called 
a period (7). The frequency (f) is the rate at which it repeats itself and is measured in hertz 
(Hz). A nonperiodic pulse waveform, of course, does not repeat itself at fixed intervals and 
may be composed of pulses of randomly differing pulse widths and/or randomly differing 
time intervals between the pulses. An example of each type is shown in Figure 1-8. 


| r | T. | Ts ' | (b) Nonperiodic 


Period = 7, = 7,= 173 =... ss 
Frequency = 


I 
I 
— 


a5 
T 
(a) Periodic (square wave) 

A FIGURE 1-8 


Examples of digital waveforms. 


The frequency (f) of a pulse (digital) waveform is the reciprocal of the period. The rela- 
tionship between frequency and period is expressed as follows: 


] 
Equation 1-1 =. T 


Equation 1-2 T=-— 
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An important characteristic of a periodic digital waveform is its duty cycle, which is the 
ratio of the pulse width (fy) to the period (7). It can be expressed as a percentage. 


ly 
Duty cycle = (“) 100% Equation 1-3 


EXAMPLE 1-1 
A portion of a periodic digital waveform is shown in Figure 1-9. The measurements 


are in milliseconds. Determine the following: 









(a) period (b) frequency (c) duty cycle 


——— ee 


W | 





& FIGURE 1-9 


Solution (a) The period is measured from the edge of one pulse to the corresponding edge of 
the next pulse. In this case Tis measured from leading edge to leading edge, as 
indicated. T equals 10 ms. 


is PO. 3] ries 


1 1 
(b) f T 10ms wee 
1 ms 


10 ms 





t 
(c) Duty cycle = (100% = ( )ro0% = 10% 


Related Problem” A periodic digital waveform has a pulse width of 25 us and a period of 150 us. 
Determine the frequency and the duty cycle. 


* Answers are at the end of the chapter. 





_A Digital Waveform Carries Binary Information 





Binary information that is handled by digital systems appears as waveforms that represent COMPUTER NOTE 
sequences of bits. When the waveform is HIGH, a binary | is present; when the waveform 
is LOW, a binary 0 is present. Each bit in a sequence occupies a defined time interval called 


a bit time. 





The speed at which a computer 
can operate depends on the type 
of microprocessor used in the 
system. The speed specification, for 


The Clock In digital systems, all waveforms are synchronized with a basic timing wave- example 3.5 GHz, of a computer i 


form called the clock. The clock is a periodic waveform in which each interval between 
pulses (the period) equals the time for one bit. 

An example of a clock waveform is shown in Figure 1—10. Notice that, in this case, each 
change in level of waveform A occurs at the leading edge of the clock waveform. In other 
cases, level changes occur at the trailing edge of the clock. During each bit time of the clock, 
waveform A is either HIGH or LOW. These HIGHs and LOWs represent a sequence of bits 
as indicated. A group of several bits can be used as a piece of binary information, such as 
a number or a letter. The clock waveform itself does not carry information. 


the maximum clock frequency at 
which the microprocessor can run. 
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» FIGURE 1-10 


Example of a clock waveform 
synchronized with a waveform 
representation of a sequence of bits. 


» FIGURE 1-11 


Example of a timing diagram. 
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| 
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| 
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| 

| 

waveform A | 
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| | | | | 
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Timing Diagrams A timing diagram is a graph of digital waveforms showing the actual 
time relationship of two or more waveforms and how each waveform changes in relation to 
the others. By looking at a timing diagram, you can determine the states (HIGH or LOW) 
of all the waveforms at any specified point in time and the exact time that a waveform 
changes state relative to the other waveforms. Figure 1—11 is an example of a timing dia- 
gram made up of four waveforms. From this timing diagram you can see, for example, that 
the three waveforms A, B, and C are HIGH only during bit time 7 and they all change back 
LOW at the end of bit time 7 (shaded area). 


A, B, and C HIGH 


Data Transfer 


Data refers to groups of bits that convey some type of information. Binary data, which are 
represented by digital waveforms, must be transferred from one circuit to another within a 
digital system or from one system to another in order to accomplish a given purpose. For 
example, numbers stored in binary form in the memory of a computer must be transferred 
to the computer’s central processing unit in order to be added. The sum of the addition must 
then be transferred to a monitor for display and/or transferred back to the memory. In com- 
puter systems, as illustrated in Figure 1—12, binary data are transferred in two ways: serial 
and parallel. 

When bits are transferred in serial form from one point to another, they are sent one bit 
at a time along a single line, as illustrated in Figure 1—12(a) for the case of a computer-to- 
modem transfer. During the time interval from fp to ¢,, the first bit is transferred. During the 
time interval from f, to f,, the second bit is transferred, and so on. To transfer eight bits in 
series, it takes eight time intervals. 

When bits are transferred in parallel form, all the bits in a group are sent out on sepa- 
rate lines at the same time. There is one line for each bit, as shown in Figure 1—12(b) for 
the example of eight bits being transferred from a computer to a printer. To transfer eight 
bits in parallel, it takes one time interval compared to eight time intervals for the serial 
transfer. 

To summarize, an advantage of serial transfer of binary data is that a minimum of 
only one line is required. In parallel transfer, a number of lines equal to the number of 
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Computer Printer 























‘Computer | >" Modem 





(a) Serial transfer of 8 bits of binary data from computer to modem. Interval (b) Parallel transfer of 8 bits of binary data from computer to 
ty to ft, is first. printer. The beginning time is fp. 


& FIGURE 1-12 


Illustration of serial and parallel transfer of binary data. Only the data lines are shown. 


bits to be transferred at one time is required. A disadvantage of serial transfer is that it 
takes longer to transfer a given number of bits than with parallel transfer. For example, 
if one bit can be transferred in | ps, then it takes 8 ys to serially transfer eight bits but 
only | us to parallel transfer eight bits. A disadvantage of parallel transfer is that it 
takes more lines than serial transfer. 


| EXAMPLE 1-2 


(a) Determine the total time required to serially transfer the eight bits contained in 
waveform A of Figure 1-13, and indicate the sequence of bits. The left-most bit is 
the first to be transferred. The 100 kHz clock is used as reference. 


(b) What is the total time to transfer the same eight bits in parallel? 


ical cd) hh leabrabech alee bed bal Lo 


& FIGURE 1-13 


Solution (a) Since the frequency of the clock is 100 kHz, the period is 
l 1 


T= - = —— 
f 100 kHz 


= 10 ps 


It takes 10 ys to transfer each bit in the waveform. The total transfer time for 8 bits is 
8 x 10 ps = 80 ps 


To determine the sequence of bits, examine the waveform in Figure 1—13 during 
each bit time. If waveform A is HIGH during the bit time, a | is transferred. If 
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| [section 1-2 
REVIEW 


Related Problem 


waveform A is LOW during the bit time, a 0 is transferred. The bit sequence is 
illustrated in Figure 1-14. The left-most bit is the first to be transferred. 


& FIGURE 1-14 
(b) A parallel transfer would take 10 ys for all eight bits. 


If binary data are transferred at the rate of 10 million bits per second (10 Mbits/s), 
how long will it take to parallel transfer 16 bits on 16 lines? How long will it take to 
serially transfer 16 bits? 


. Define binary. 

. What does bit mean? 

. What are the bits in a binary system? 

. How are the rise time and fall time of a pulse measured? 

. Knowing the period of a waveform, how do you find the frequency? 
. Explain what a clock waveform is. 


. What is the purpose of a timing diagram? 


CoN AO tw BR WwW NH = 


. What is the main advantage of parallel transfer over serial transfer of binary data? 


Bases deciorjesttesinreirber eoructhoneopionadicd neplepsiet ans gb iepetantstOe ee tr aan cs best iaebnrelictbodt eotsessta uesiotaabeedsed 


A BASIC LOGIC OPERATIONS 


In its basic form, logic is the realm of human reasoning that tells you a certain 
proposition (declarative statement) is true if certain conditions are true. Propositions can 
be classified as true or false. Many situations and processes that you encounter in your 
daily life can be expressed in the form of propositional, or logic, functions. Since such 
functions are true/false or yes/no statements, digital circuits with their two-state 
characteristics are applicable. 


After completing this section, you should be able to 


= List three basic logic operations ™ Define the NOT operation ®™ Define the AND 
operation ™ Define the OR operation 


Several propositions, when combined, form propositional, or logic, functions. For ex- 
ample, the propositional statement “The light is on” will be true if “The bulb is not burned 
out” is true and if “The switch is on” is true. Therefore, this logical statement can be made: 
The light is on only if the bulb is not burned out and the switch is on. In this example the 
first statement is true only if the last two statements are true. The first statement (“The light 
is on”) is then the basic proposition, and the other two statements are the conditions on 
which the proposition depends. 

In the 1850s, the Irish logician and mathematician George Boole developed a mathe- 
matical system for formulating logic statements with symbols so that problems can be writ- 
ten and solved in a manner similar to ordinary algebra. Boolean algebra, as it is known 
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today, is applied in the design and analysis of digital systems and will be covered in detail 
in Chapter 4. 

The term logic is applied to digital circuits used to implement logic functions. Several 
kinds of digital logic circuits are the basic elements that form the building blocks for 
such complex digital systems as the computer. We will now look at these elements and 
discuss their functions in a very general way. Later chapters will cover these circuits in 
detail. 

Three basic logic operations (NOT, AND, and OR) are indicated by standard distinctive 
shape symbols in Figure 1-15. Other standard symbols for these logic operations will be 
introduced in Chapter 3. The lines connected to each symbol are the inputs and outputs. 
The inputs are on the left of each symbol and the output is on the right. A circuit that per- 
forms a specified logic operation (AND, OR) is called a logic gate. AND and OR gates can 
have any number of inputs, as indicated by the dashes in the figure. 


> =2_D- 2D 


NOT AND OR 


In logic operations, the true/false conditions mentioned earlier are represented by a 
HIGH (true) and a LOW (false). Each of the three basic logic operations produces a unique 
response to a given set of conditions. 


NOT 


The NOT operation changes one logic level to the opposite logic level, as indicated in 
Figure 1-16. When the input is HIGH (1), the output is LOW (0). When the input is LOW, 
the output is HIGH. In either case, the output is not the same as the input. The NOT oper- 
ation is implemented by a logic circuit known as an inverter. 


HIGH (1) > LOW (0) LOW (0) +> HIGH (1) 


AND 
Se 


The AND operation produces a HIGH output only when all the inputs are HIGH, as indi- 
cated in Figure 1-17 for the case of two inputs. When one input is HIGH and the other in- 
put is HIGH, the output is HIGH. When any or all inputs are LOW, the output is LOW. The 
AND operation is implemented by a logic circuit known as an AND gate. 


HIGH (1) LOW (0) 
2 HIGH (1) LOW (0) 
HIGH (1) HIGH (1) 
HIGH (1) . LOW (0) 
. LOW (0) LOW (0) 
LOW (0) LOW (0) 


OR 
The OR operation produces a HIGH output when one or more inputs are HIGH, as indi- 
cated in Figure 1-18 for the case of two inputs. When one input is HIGH or the other input 


is HIGH or both inputs are HIGH, the output is HIGH. When both inputs are LOW, the out- 
put is LOW. The OR operation is implemented by a logic circuit known as an OR gate. 


“ FIGURE 1-15 


The basic logic operations and 
symbols. 


“« FIGURE 1-16 
The NOT operation. 


« FIGURE 1-17 
The AND operation. 
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» FIGURE 1-18 
The OR operation. 


: SECTION 1-3 
REVIEW 


HIGH (1) LOW (0) 
_) >—- HIGH (1) __) nice (1) 
HIGH (1) HIGH (1) 


HIGH (1) LOW (0) 
: _) >- HIGH (1) | __ jeo— LOW (0) 
LOW (0) LOW (0) 


. When does the NOT operation produce a HIGH output? | 
. When does the AND operation produce a HIGH output? | 
. When does the OR operation produce a HIGH output? | 


. What is an inverter? 


wm Rf W DR —_= 


. What is a logic gate? 
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» FIGURE 1-19 


The comparison function. 


The three basic logic elements AND, OR, and NOT can be combined to form more 
complex logic circuits that perform many useful operations and that are used to build 
complete digital systems. Some of the common logic functions are comparison, 
arithmetic, code conversion, encoding, decoding, data selection, storage, and counting. 
This section provides a general overview of these important functions so that you can 
begin to see how they form the building blocks of digital systems such as computers. 
Each of the basic logic functions will be covered in detail in later chapters. 


After completing this section, you should be able to 


= Identify nine basic types of logic functions ™ Describe a basic magnitude comparator 
= List the four arithmetic functions ™ Describe a basic adder ® Describe a basic 
encoder ™ Describe a basic decoder ™ Define multiplexing and demultiplexing ® 

State how data storage is accomplished ®™ Describe the function of a basic counter 


~The Comparison Function 


Magnitude comparison is performed by a logic circuit called a comparator, covered in 
Chapter 6. A comparator compares two quantities and indicates whether or not they are 
equal. For example, suppose you have two numbers and wish to know if they are equal or 
not equal and, if not equal, which is greater. The comparison function is represented in 
Figure 1-19. One number in binary form (represented by logic levels) is applied to input A, 





A>B -— Binarv A>B — LOW 
| A code for 2 A 
Two 
binary A=B — Outputs A=B — LOW 
numbers - 
inary 
B MER code for 5 fe 


A<B —— HIGH 


(a) Basic magnitude comparator (b) Example: A is less than B (2 < 5) as indicated by 


the HIGH output (A < B) 
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and the other number in binary form (represented by logic levels) is applied to input B. The 
outputs indicate the relationship of the two numbers by producing a HIGH level on the 
proper output line. Suppose that a binary representation of the number 2 is applied to in- 
put A and a binary representation of the number 5 is applied to input B. (We discuss the bi- 
nary representation of numbers and symbols in Chapter 2.) A HIGH level will appear on 
the A < B (A is less than B) output, indicating the relationship between the two numbers (2 
is less than 5). The wide arrows represent a group of parallel lines on which the bits are 
transferred. 


The Arithmetic Functions 


Addition Addition is performed by a logic circuit called an adder, covered in Chapter 6. 
An adder adds two binary numbers (on inputs A and B with a carry input C,,,) and generates 
a sum (2) and a carry output (C,,,), as Shown in Figure 1—20(a). Figure 1—20(b) illustrates 
the addition of 3 and 9. You know that the sum is 12; the adder indicates this result by pro- 
ducing 2 on the sum output and | on the carry output. Assume that the carry input in this 
example is 0. 


Sicktcgtre ts uf z ew 
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A Binary A 
é, > Sum code for 3 
wo 
binary 
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2 Cont > Carry out Binary . 
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Carry in => : Binary 0 ——>> C5 


(a) Basic adder (b) Example: A plus B (3 + 9 = 12) 


& FIGURE 1-20 
The addition function. 


Subtraction Subtraction is also performed by a logic circuit. A subtracter requires three 
inputs: the two numbers that are to be subtracted and a borrow input. The two outputs are 
the difference and the borrow output. When, for instance, 5 is subtracted from 8 with no 
borrow input, the difference is 3 with no borrow output. You will see in Chapter 2 how sub- 
traction can actually be performed by an adder because subtraction is simply a special case 
of addition. 


Multiplication Miultiplication is performed by a logic circuit called a multiplier. Numbers 
are always multiplied two at a time, so two inputs are required. The output of the multiplier 
is the product. Because multiplication is simply a series of additions with shifts in the po- 
sitions of the partial products, it can be performed by using an adder in conjunction with 
other circuits. 


Division Division can be performed with a series of subtractions, comparisons, and 
shifts, and thus it can also be done using an adder in conjunction with other circuits. Two 
inputs to the divider are required, and the outputs generated are the quotient and the 
remainder. 


~The Code Conversion Function 


A code is a set of bits arranged in a unique pattern and used to represent specified infor- 
mation. A code converter changes one form of coded information into another coded form. 
Examples are conversion between binary and other codes such as the binary coded decimal 


Adder 


c 


15 
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Binary 
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Binary 
code for 12 


COMPUTER NOTE 








In a microprocessor, the 
arithmetic logic unit (ALU) 
performs the operations of add, 
subtract, multiply, and divide as 
well as the logic operations on 
digital data as directed by a series 
of instructions. A typical ALU is 
constructed of many thousands of 
logic gates. 
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» FIGURE 1-21 


An encoder used to encode a 
calculator keystroke into a binary 
code for storage or for calculation. 


» FIGURE 1-22 


A decoder used to convert a special 
binary code into a 7/-segment 
decimal readout. 


(BCD) and the Gray code. Various types of codes are covered in Chapter 2, and code con- 
verters are covered in Chapter 6. 


The Encoding Function 


The encoding function is performed by a logic circuit called an encoder, covered in 
Chapter 6. The encoder converts information, such as a decimal number or an alphabetic 
character, into some coded form. For example, one certain type of encoder converts each 
of the decimal digits, 0 through 9, to a binary code. A HIGH level on the input corre- 
sponding to a specific decimal digit produces logic levels that represent the proper bi- 
nary code on the output lines. 

Figure |—21 is a simple illustration of an encoder used to convert (encode) a calculator 
keystroke into a binary code that can be processed by the calculator circuits. 


HIGH | 
9 Encoder 


—i5 Binary code 
— 5 for 9 used for 
— storage and/or 
computation 
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Calculator keypad 


The Decoding Function 


The decoding function is performed by a logic circuit called a decoder, covered in 
Chapter 6. The decoder converts coded information, such as a binary number, into a non- 
coded form, such as a decimal form. For example, one particular type of decoder con- 
verts a 4-bit binary code into the appropriate decimal digit. 

Figure 1—22 is a simple illustration of one type of decoder that is used to activate a 7- 
segment display. Each of the seven segments of the display is connected to an output line 
from the decoder. When a particular binary code appears on the decoder inputs, the appro- 
priate output lines are activated and light the proper segments to display the decimal digit 
corresponding to the binary code. 





Decoder 


Binary input 


7-segment display 


The Data Selection Function 


Two types of circuits that select data are the multiplexer and the demultiplexer. The multi- 
plexer, or mux for short, is a logic circuit that switches digital data from several input lines 
onto a single output line in a specified time sequence. Functionally, a multiplexer can be 
represented by an electronic switch operation that sequentially connects each of the input 
lines to the output line. The demultiplexer (demux) is a logic circuit that switches digital 
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data from one input line to several output lines in a specified time sequence. Essentially, the 
demux is a mux in reverse. 

Multiplexing and demultiplexing are used when data from several sources are to be 
transmitted over one line to a distant location and redistributed to several destinations. 
Figure 1—23 illustrates this type of application where digital data from three sources are sent 
out along a single line to three terminals at another location. 
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4 FIGURE 1-23 


Illustration of a basic multiplexing/demultiplexing application. 


In Figure 1—23, data from input A are connected to the output line during time interval 
At, and transmitted to the demultiplexer that connects them to output D. Then, during in- 
terval Az, the multiplexer switches to input B and the demultiplexer switches to output E. 
During interval Ar;, the multiplexer switches to input C and the demultiplexer switches to 
output F. 

To summarize, during the first time interval, input A data go to output D. During the sec- COMPUTER NOTE 
ond time interval, input B data go to output E. During the third time interval, input C data 





FE OAF his. th B he ti < divided The internal computer memories, : 
go to output : ter tnis, the sequence repeats. ecause the time 1S divide up among sev- RAM and ROM, St-well-acthe 


eral sources and destinations where each has its turn to send and receive data, this process | .natler caches are semiconductor 
is called time division multiplexing (TDM). memories. The registers in a 


microprocessor are constructéd of 


The Storage Function semiconductor flip-flops. Magnetic 
oa ’ nee disk memories are used in the 
Storage is a function that is required in most digital systems, and its purpose is to retain bi- | j ternal hard drive, the floppy 


nary data for a period of time. Some storage devices are used for short-term storage and | drive, and for the CD-ROM. 
some are used for long-term storage. A storage device can “memorize” a bit or a group of 

bits and retain the information as long as necessary. Common types of storage devices are 

flip-flops, registers, semiconductor memories, magnetic disks, magnetic tape, and optical 

disks (CDs). 


Flip-flops A flip-flop is a bistable (two stable states) logic circuit that can store only one 
bit at a time, either a | or a 0. The output of a flip-flop indicates which bit it is storing. A 
HIGH output indicates that a | is stored and a LOW output indicates that a 0 is stored. Flip- 
flops are implemented with logic gates and are covered in Chapter 7. 


Registers A register is formed by combining several flip-flops so that groups of bits can 
be stored. For example, an 8-bit register is constructed from eight flip-flops. In addition to 
storing bits, registers can be used to shift the bits from one position to another within the 
register or out of the register to another circuit; therefore, these devices are known as shift 
registers. Shift registers are covered in Chapter 9. 
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» FIGURE 1-24 


Example of the operation of a 4-bit 


serial shift register. Each block 
represents one storage “cell” or flip- 
flop. 


» FIGURE 1-25 


Example of the operation of a 4-bit 


parallel shift register. 


The two basic types of shift registers are serial and parallel. The bits are stored in a se- 
rial shift register one at a time, as illustrated in Figure 1-24. A good analogy to the serial 
shift register is loading passengers onto a bus single file through the door. They also exit the 
bus single file. 


Serial bits 
on input line 





Initially, the register contains only invalid 
@) | 0 | data or all zeros as shown here. 


a tht (1) 15 shiified serially into the 
0) | () ] register. 


Second bit (0) is shifted serially into 
register and first bit is shifted right. 


Third bit (1) is shifted into register and 
the first and second bits are shifted right. 


Fourth bit (0) is shifted into register and 
the first, second, and third bits are shifted 
right. The register now stores all four bits 
and is full. 


The bits are stored in a parallel register simultaneously from parallel lines, as shown in 
Figure 1—25. For this case, a good analogy is loading passengers on a roller coaster where 
they enter all of the cars in parallel. 


Parallel bits 
on ne ae QO | 0 | 


Initially, the register is empty, 
containing only nondata zeros. 


~ {| All bits are shifted in and 
| stored simultaneously. 





Semiconductor Memories Semiconductor memories are devices typically used for stor- 
ing large numbers of bits. In one type of memory, called the read-only memory or ROM, 
the binary data are permanently or semipermanently stored and cannot be readily changed. 
In the random-access memory or RAM, the binary data are temporarily stored and can be 
easily changed. Memories are covered in Chapter 10. 


Magnetic Memories Magnetic disk memories are used for mass storage of binary data. 
Examples are the so-called floppy disks used in computers and the computer’s internal 
hard disk. Magneto-optical disks use laser beams to store and retrieve data. Magnetic tape 
is still used in memory applications and for backing up data from other storage devices. 


The Counting Function 


The counting function is important in digital systems. There are many types of digital 
counters, but their basic purpose is to count events represented by changing levels or 
pulses. To count, the counter must “remember” the present number so that it can go to the 
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next proper number in sequence. Therefore, storage capability is an important characteris- 
tic of all counters, and flip-flops are generally used to implement them. Figure 1—26 illus- 
trates the basic idea of counter operation. Counters are covered in Chapter 8. 


Counter 
Parallel 
ae output lines | Binary | Binary | Binary | Binary | Binary 
- _——- code code code code code 
- 3 4 » for | for 2 for 3 for 4 for 5 




















Input pulses Sequence of binary codes that represent 


the number of input pulses counted. 
& FIGURE 1-26 


Illustration of basic counter operation. 


_ | SECTION 1-4 | 
| REVIEW 1. What does a comparator do? | 


| 2. What are the four basic arithmetic operations? 
| 3. Describe encoding and give an example. | 
4. Describe decoding and give an example. | 
5. Explain the basic purpose of multiplexing and demultiplexing. | 
6. Name four types of storage devices. | 
7. What does a counter do? 


All the logic elements and functions that have been discussed are generally available 
in integrated circuit (IC) form. Digital systems have incorporated ICs for many years 
because of their small size, high reliability, low cost, and low power consumption. It is 
important to be able to recognize the IC packages and to know how the pin 
connections are numbered, as well as to be familiar with the way in which circuit 
complexities and circuit technologies determine the various IC classifications. 





After completing this section, you should be able to 


= Recognize the difference between through-hole devices and surface-mount fixed- 
function devices ™ Identify dual in-line packages (DIP) ™ Identify small-outline 
integrated circuit packages (SOIC) ® Identify plastic leaded chip carrier packages 
(PLCC) ® Identify leadless ceramic chip carrier packages (LCCC) ® Determine pin 
numbers on various types of IC packages ™ Explain the complexity classifications for 
fixed-function ICs 


A monolithic integrated circuit (IC) is an electronic circuit that is constructed en- 
tirely on a single small chip of silicon. All the components that make up the circuit— 
transistors, diodes, resistors, and capacitors—are an integral part of that single chip. 
Fixed-function logic and programmable logic are two broad categories of digital ICs. 
In fixed-function logic, the logic functions are set by the manufacturer and cannot be 
altered. 
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> FIGURE 1-28 


Examples of through-hole and 
surface-mounted devices. The DIP is 
larger than the SOIC with the same 
number of leads. This particular DIP 
is approximately 0.785 in. long, and 
the SOIC is approximately 0.385 in. 
long. 


Figure 1-27 shows a cutaway view of one type of fixed-function IC package with the 
circuit chip shown within the package. Points on the chip are connected to the package pins 
to allow input and output connections to the outside world. 


» FIGURE 1-27 Plastic 





Cutaway view of one type of fixed- 
function IC package showing the chip 
mounted inside, with connections to 
input and output pins. 


_IC Packages 


Integrated circuit (IC) packages are classified according to the way they are mounted on 
printed circuit (PC) boards as either through-hole mounted or surface mounted. The 
through-hole type packages have pins (leads) that are inserted through holes in the PC board 
and can be soldered to conductors on the opposite side. The most common type of through- 
hole package is the dual in-line package (DIP) shown in Figure 1—28(a). 





(a) Dual in-line package (DIP) (b) Small-outline IC (SOIC) 


Another type of IC package uses surface-mount technology (SMT). Surface mounting is 
a space-saving alternative to through-hole mounting. The holes through the PC board are un- 
necessary for SMT. The pins of surface-mounted packages are soldered directly to conduc- 
tors on one side of the board, leaving the other side free for additional circuits. Also, for a 
circuit with the same number of pins, a surface-mounted package is much smaller than a 
dual in-line package because the pins are placed closer together. An example of a surface- 
mounted package is the small-outline integrated circuit (SOIC) shown in Figure 1—28(b). 

Three common types of SMT packages are the SOIC (small-outline IC), the PLCC 
(plastic leaded chip carrier), and the LCCC (leadless ceramic chip carrier). These types of 
packages are available in various sizes depending on the number of leads (more leads are 
required for more complex circuits). Examples of each type are shown in Figure 1—29. As 
you can see, the leads of the SOIC are formed into a “gull-wing” shape. The leads of the 
PLCC are turned under the package in a J-type shape. Instead of leads, the LCCC has metal 
contacts molded into its ceramic body. Other variations of SMT packages include SSOP 
(shrink small-outline package), TSSOP (thin shrink small-outline package), and TVSOP 
(thin very small-outline package). 


Pin Numbering 


All IC packages have a standard format for numbering the pins (leads). The dual in-line 
packages (DIPs) and the small-outline IC packages (SOICs) have the numbering arrange- 
ment illustrated in Figure 1—30(a) for a 16-pin package. Looking at the top of the package, 
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<@ FIGURE 1-29 
Examples of SMT package 


configurations. 





End view End view End view 


(a) SOIC with (b) PLCC with (c) LCCC with no leads 
“gull-wing” leads J-type leads (contacts are 


part of case) 


pin | is indicated by an identifier that can be either a small dot, a notch, or a beveled edge. 
The dot is always next to pin 1. Also, with the notch oriented upward, pin | is always the 
top left pin, as indicated. Starting with pin 1, the pin numbers increase as you go down, then 
across and up. The highest pin number is always to the right of the notch or opposite the dot. 

The PLCC and LCCC packages have leads arranged on all four sides. Pin | is indicated 
by a dot or other index mark and is located at the center of one set of leads. The pin num- 
bers increase going counterclockwise as viewed from the top of the package. The highest 
pin number is always to the right of pin 1. Figure 1—30(b) illustrates this format for a 20- 





pin PLCC package. 
Pin | <@ FIGURE 1-30 
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Complexity Classifications for Fixed-Function ICs 


Fixed-function digital ICs are classified according to their complexity. They are listed here 
from the least complex to the most complex. The complexity figures stated here for SSI, 
MSI, LSI, VLSI, and ULSI are generally accepted, but definitions may vary from one 
source to another. 


» Small-scale integration (SSI) describes fixed-function ICs that have up to ten 
equivalent gate circuits on a single chip, and they include basic gates and flip-flops. 


» Medium-scale integration (MSI) describes integrated circuits that have from 10 to 
100 equivalent gates on a chip. They include logic functions such as encoders, 
decoders, counters, registers, multiplexers, arithmetic circuits, small memories, and 
others. 


« Large-scale integration (LSD) is a classification of ICs with complexities of from 
more than 100 to 10,000 equivalent gates per chip, including memories. 


» Very large-scale integration (VLSI) describes integrated circuits with complexities 
of from more than 10,000 to 100,000 equivalent gates per chip. 
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« Ultra large-scale integration (ULSI) describes very large memories, larger micro- 
processors, and larger single-chip computers. Complexities of more than 100,000 
equivalent gates per chip are classified as ULSI. 


Integrated Circuit Technologies 


The types of transistors with which all integrated circuits are implemented are either 
MOSFETs (metal-oxide semiconductor field-effect transistors) or bipolar junction transistors. 
A circuit technology that uses MOSFETs is CMOS (complementary MOS). A type of fixed- 
function digital circuit technology that uses bipolar junction transistors is TTL (transistor- 
transistor logic). BiCMOS uses a combination of both CMOS and TTL. 

All gates and other functions can be implemented with either type of circuit technology. 
SSI and MSI circuits are generally available in both CMOS and TTL. LSI, VLSI, and ULSI 
are generally implemented with CMOS or NMOS because it requires less area on a chip 
and consumes less power. There is more on these integrated technologies in Chapter 3. In 
addition, Chapter 14 provides a complete circuit-level coverage. 


Handling Precautions for CMOS Because of their particular structure, CMOS devices 
are very sensitive to static charge and can be damaged by electrostatic discharge (ESD) if 
not handled properly. The following precautions should be taken when you work with 
CMOS devices: 


» CMOS devices should be shipped and stored in conductive foam. 


» All instruments and metal benches used in testing should be connected to earth 
ground. 


» The handler’s wrist should be connected to earth ground with a length of wire and 
high-value series resistor. 


» Do not remove a CMOS device (or any device for that matter) from a circuit while 
the dc power is on. 


= Do not connect ac or signal voltages to a CMOS device while the dc power supply 
is off. 


| [SECTION 1-5 | 
[REVIEW 1. What is an integrated circuit? | 


2. Define the terms DIP, SMT, SOIC, SSI, MSI, LSI, VLSI and ULSI. 

3. Generally, in what classification does a fixed-function IC with the following number 
of equivalent gates fall? 
(a) 10 (b) 75 (c) 500 (d) 15,000 (e) 200,000 
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Programmable logic requires both hardware and software. Programmable logic devices 
can be programmed to perform specified logic functions by the manufacturer or by the 
user. One advantage of programmable logic over fixed-function logic is that the devices 
use much less board space for an equivalent amount of logic. Another advantage is that, 
with programmable logic, designs can be readily changed without rewiring or replacing 
components. Also, a logic design can generally be implemented faster and with less cost 
with programmable logic than with fixed-function ICs. 
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After completing this section, you should be able to 


m State the major types of programmable logic and discuss the differences ™ Discuss 
methods of programming ® List the major programming languages used for 
programmable logic ™ Discuss the programmable logic design process 


_ Types of Programmable Logic Devices 


Many types of programmable logic are available, ranging from small devices that can replace 
a few fixed-function devices to complex high-density devices that can replace thousands of 
fixed-function devices. Two major categories of user-programmable logic are PLD (pro- 
grammable logic device) and FPGA (field programmable gate array), as indicated in Figure 
1-31. PLDs are either SPLDs (simple PLDs) or CPLDs (complex PLDs). 


<«@ FIGURE 1-31 


Programmable logic. 


Programmable logic 





PLDs FPGAs 





SPLDs : GPIDs 


Simple Programmable Logic Device (SPLD) The SPLD was the original PLD and is still 
available for small-scale applications. Generally, an SPLD can replace up to ten fixed-function 
ICs and their interconnections, depending on the type of functions and the specific SPLD. Most 
SPLDs are in one of two categories: PAL and GAL. A PAL (programmable array logic) is a 
device that can be programmed one time. It consists of a programmable array of AND gates 
and a fixed array of OR gates, as shown in Figure 1—-32(a). A GAL (generic array logic) is a 
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A FIGURE 1-32 


Block diagrams of simple programmable logic devices (SPLDs). 
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» FIGURE 1-34 


General block diagram of a CPLD. 


device that is basically a PAL that can be reprogrammed many times. It consists of a repro- 
grammable array of AND gates and a fixed array of OR gates with programmable ouputs, as 
shown in Figure 1—32(b). A typical SPLD package is shown in Figure 1—33 and generally has 
from 24 to 28 pins. 


» FIGURE 1-33 
Typical SPLD package. 





Complex Programmable Logic Device (CPLD) As technology progressed and the 
amount of circuitry that could be put on a chip (chip density) increased, manufacturers were 
able to put more than one SPLD on a single chip and the CPLD was born. Essentially, the 
CPLD is a device containing multiple SPLDs and can replace many fixed-function ICs. 
Figure 1—34 shows a basic CPLD block diagram with four logic array blocks (LABs) and 
a programmable interconnection array (PIA). Depending on the specific CPLD, there can 
be from two to sixty-four LABs. Each logic array block is roughly equivalent to one SPLD. 





Generally, CPLDs can be used to implement any of the logic functions discussed earlier, 
for example, decoders, encoders, multiplexers, demultiplexers, and adders. They are avail- 
able in a variety of configurations, typically ranging from 44 to 160 pin packages. Exam- 
ples of CPLD packages are shown in Figure 1—35. 


» FIGURE 1-35 
Typical CPLD packages. 





(a) 84-pin PLCC package (b) 128-pin PQFP package 


Field Programmable Gate Array (FPGA) An FPGA is generally more complex and has 
a much higher density than a CPLD, although their applications can sometimes overlap. As 
mentioned, the SPLD and the CPLD are closely related because the CPLD basically con- 
tains a number of SPLDs. The FPGA, however, has a different internal structure (architec- 
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Programmable 
interconnections 





A FIGURE 1-36 
Basic structure of an FPGA. 


ture), as illustrated in Figure 1-36. The three basic elements in an FPGA are the logic block, 
the programmable interconnections, and the input/output (I/O) blocks. 

The logic blocks in an FPGA are not as complex as the logic array blocks (LABs) in a 
CPLD, but generally there are many more of them. When the logic blocks are relatively 
simple, the FPGA architecture is called fine-grained. When the logic blocks are larger and 
more complex, the architecture is called coarse-grained. The I/O blocks are on the outer 
edges of the structure and provide individually selectable input, output, or bidirectional ac- 
cess to the outside world. The distributed programmable interconnection matrix provides 
for interconnection of the logic blocks and connection to inputs and outputs. Large FPGAs 
can have tens of thousands of logic blocks in addition to memory and other resources. A 
typical FPGA ball-grid array package is shown in Figure 1-37. These types of packages can 
have over 1000 input and output pins. 


« FIGURE 1-37 





A typical ball-grid array package 
configuration. 
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» FIGURE 1-38 


Basic configuration for programming 


a PLD or FPGA. 


The Programming Process 


An SPLD, CPLD, or FPGA can be thought of as a “blank slate” on which you implement 
a specified circuit or system design using a certain process. This process requires a software 
development package installed on a computer to implement a circuit design in the pro- 
grammable chip. The computer must be interfaced with a development board or program- 
ming fixture containing the device, as illustrated in Figure 1-38. 


Programmable device 
installed ona 
: 3 development board 
HDL software laterface pp iretetie=o : and interconnected 
cable z EF with other devices on 
: : the board (not shown) 


Development board 


Computer running 





Several steps, called the design flow, are involved in the process of implementing a dig- 
ital logic design in a programmable logic device. A block diagram of a typical programming 
process is shown in Figure 1—39. As indicated, the design flow has access to a design library. 


» FIGURE 1-39 





Basic programmable logic design 
flow block diagram. 
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Design Entry This is the first programming step. The circuit or system design must be en- 
tered into the design application software using text-based entry, graphic entry (schematic 
capture), or state diagram description. Design entry is device independent. Text-based en- 
try is accomplished with a hardware description language (HDL) such as VHDL, Verilog, 
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AHDL, or ABEL. Graphic (schematic) entry allows prestored logic functions from a library 
to be selected, placed on the screen, and then interconnected to create a logic design. State- 
diagram entry requires specification of both the states through which a sequential logic cir- 
cuit progresses and the conditions that produce each state change. 

Once a design has been entered, it is compiled. A compiler is a program that controls 
the design flow process and translates source code into object code in a format that can be 
logically tested or downloaded to a target device. The source code is created during design 
entry, and the object code is the final code that actually causes the design to be implemented 
in the programmable device. 


Functional Simulation The entered and compiled design is simulated by software to 
confirm that the logic circuit functions as expected. The simulation will verify that cor- 
rect outputs are produced for a specified set of inputs. A device-independent software tool 
for doing this is generally called a waveform editor. Any flaws demonstrated by the sim- 
ulation would be corrected by going back to design entry and making appropriate changes. 


Synthesis Synthesis is where the design is translated into a netlist, which has a standard 
form and is device independent. 


Implementation Implementation is where the logic structures described by the netlist 
are mapped into the actual structure of the specific device being programmed. The imple- 
mentation process is called fitting or place and route and results in an output called a bit- 
stream, which is device dependent. 


Timing Simulation This step comes after the design is mapped into the specific device. 
The timing simulation is basically used to confirm that there are no design flaws or timing 
problems due to propagation delays. 


Download Once a bitstream has been generated for a specific programmable device, it has 
to be downloaded to the device to implement the software design in hardware. Some pro- 
grammable devices have to be installed in a special piece of equipment called a device pro- 
grammer or on a development board. Other types of devices can be programmed while in a 
system—called in-system programming (ISP)—using a standard JTAG (Joint Test Action 
Group) interface. Some devices are volatile, which means they lose their contents when re- 
set or when power is turned off. In this case, the bitstream data must be stored in a memory 
and reloaded into the device after each reset or power-off. Also, the contents of an ISP de- 
vice can be manipulated or upgraded while it is operating in a system. This is called ‘“‘on- 
the-fly” reconfiguration. 


SECTION 1-6 ) 
REVIEW 1. List three major categories of programmable logic devices and specify their acronyms. 
2. How does a CPLD differ from an SPLD? 


3. Name the steps in the programming process. 


4. Briefly explain each step named in question 3. 


G2 test AND MEASUREMENT INSTRUMENTS 


Troubleshooting is the process of systematically isolating, identifying, and correcting 
a fault in a circuit or system. A variety of instruments are available for use in 
troubleshooting and testing. Some common types of instruments are introduced and 
discussed in this section. 
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» FIGURE 1-40 


A typical dual-channel oscilloscope. 


Used with permission from Tektronix, 
Inc. 


After completing this section, you should be able to 


= Distinguish between an analog and a digital oscilloscope ™ Recognize common 
oscilloscope controls ® Determine amplitude, period, frequency, and duty cycle of a 
pulse waveform with an oscilloscope ® Discuss the logic analyzer and some common 
formats ™ Describe the purpose of the dc power supply, function generator, and digital 
multimeter (DMM) 


The Oscilloscope 


The oscilloscope (scope for short) is one of the most widely used instruments for general 
testing and troubleshooting. The scope is basically a graph-displaying device that traces the 
graph of a measured electrical signal on its screen. In most applications, the graph shows 
how signals change over time. The vertical axis of the display screen represents voltage, and 
the horizontal axis represents time. Amplitude, period, and frequency of a signal can be 
measured using the oscilloscope. Also, the pulse width, duty cycle, rise time, and fall time 
of a pulse waveform can be determined. Most scopes can display at least two signals on the 
screen at one time, enabling their time relationship to be observed. A typical oscilloscope 
is shown in Figure 1-40. 
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Two basic types of oscilloscopes, analog and digital, can be used to view digital wave- 
forms. As shown in Figure 1—41(a), the analog scope works by applying the measured 
waveform directly to control the up and down motion of the electron beam in the cathode- 
ray tube (CRT) as it sweeps across the display screen. As a result, the beam traces out the 
waveform pattern on the screen. As shown in Figure 1—41(b), the digital scope converts 
the measured waveform to digital information by a sampling process in an analog-to- 
digital converter (ADC). The digital information is then used to reconstruct the waveform 
on the screen. 

The digital scope is more widely used than the analog scope. However, either type can 
be used in many applications, each has characteristics that make it more suitable for cer- 
tain situations. An analog scope displays waveforms as they occur in “real time.” Digital 
scopes are useful for measuring transient pulses that may occur randomly or only once. 
Also, because information about the measured waveform can be stored in a digital scope, 
it may be viewed at some later time, printed out, or thoroughly analyzed by a computer or 
other means. 
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(a) Analog (b) Digital 


Basic Operation of Analog Oscilloscopes To measure a voltage, a probe must be con- 
nected from the scope to the point in a circuit at which the voltage is present. Generally, 
a X10 probe is used that reduces (attenuates) the signal amplitude by ten. The signal 
goes through the probe into the vertical circuits where it is either further attenuated or 
amplified, depending on the actual amplitude and on where you set the vertical control 
of the scope. The vertical circuits then drive the vertical deflection plates of the CRT. 
Also, the signal goes to the trigger circuits that trigger the horizontal circuits to initiate 
repetitive horizontal sweeps of the electron beam across the screen using a sawtooth 
waveform. There are many sweeps per second so that the beam appears to form a solid 
line across the screen in the shape of the waveform. This basic operation is illustrated in 
Figure 1—42. 






Oscilloscope 








Trigger circuits § ——————>_ Horizontal circuits 


Basic Operation of Digital Oscilloscopes Some parts of a digital scope are similar to the 
analog scope. However, the digital scope is more complex than an analog scope and typi- 
cally has an LCD screen rather than a CRT. Rather than displaying a waveform as it occurs, 
the digital scope first acquires the measured analog waveform and converts it to a digital 
format using an analog-to-digital converter (ADC). The digital data is stored and processed. 


« FIGURE 1-41 


Comparison of analog and digital 
oscilloscopes. 


<“@ FIGURE 1-42 


Block diagram of an analog 
oscilloscope. 
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4 FIGURE 1-43 


Block diagram of a digital oscilloscope. 


The data then goes to the reconstruction and display circuits for display in its original ana- 
log form. Figure 1-43 shows a basic block diagram for a digital oscilloscope. 


Oscilloscope Controls A front panel view of a typical dual-channel oscilloscope is shown 
in Figure 1-44. Instruments vary depending on model and manufacturer, but most have cer- 
tain common features. For example, the two vertical sections contain a Position control, a 
channel menu button, and a V/div control. The horizontal section contains a sec/div control. 


HORIZONTAL TRIGGER 





A FIGURE 1-44 


A typical dual-channel oscilloscope. Numbers below screen indicate the values for each division on 
the vertical (voltage) and horizontal (time) scales and can be varied using the vertical and horizontal 
controls on the scope. 
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Some of the main oscilloscope controls are now discussed. Refer to the user manual for 
complete details of your particular scope. 


Vertical Controls In the vertical section of the scope in Figure 1—44, there are identical 
controls for each of the two channels (CH1 and CH2). The Position control lets you move 
a displayed waveform up or down vertically on the screen. The Menu button provides for 
the selection of several items that appear on the screen, such as the coupling modes (ac, de, 
or ground), coarse or fine adjustment for the V/div, probe attenuation, and other parame- 
ters. The V/div control adjusts the number of volts represented by each vertical division on 
the screen. The V/div setting for each channel is displayed on the bottom of the screen. The 
Math Menu button provides a selection of operations that can be performed on the input 
waveforms, such as subtraction, addition, or inversion. 


Horizontal Controls In the horizontal section, the controls apply to both channels. The 
Position control lets you move a displayed waveform left or right horizontally on the screen. 
The Menu button provides for the selection of several items that appear on the screen such 
as the main time base, expanded view of a portion of a waveform, and other parameters. 
The sec/div control adjusts the time represented by each horizontal division or main time 
base. The sec/div setting is displayed at the bottom of the screen. 


Trigger Controls In the Trigger control section, the Level control determines the point on 
the triggering waveform where triggering occurs to initiate the sweep to display input wave- 
forms. The Menu button provides for the selection of several items that appear on the 
screen, including edge or slope triggering, trigger source, trigger mode, and other parame- 
ters. There is also an input for an external trigger signal. 

Triggering stabilizes a waveform on the screen or properly triggers on a pulse that oc- 
curs only one time or randomly. Also, it allows you to observe time delays between two 
waveforms. Figure 1-45 compares a triggered to an untriggered signal. The untriggered sig- 
nal tends to drift across the screen, producing what appears to be multiple waveforms. 





(a) Untriggered waveform display (b) Triggered waveform display 


Coupling a Signal into the Scope Coupling is the method used to connect a signal volt- 
age to be measured into the oscilloscope. DC and AC coupling are usually selected from 
the Vertical menu on a scope. DC coupling allows a waveform including its dc component 
to be displayed. AC coupling blocks the dc component of a signal so that you see the wave- 
form centered at 0 V. The Ground mode allows you to connect the channel input to ground 
to see where the 0 V reference is on the screen. Figure 1-46 illustrates the result of DC and 
AC coupling using a pulse waveform that has a dc component. 

The voltage probe, shown in Figure 1-47, is essential for connecting a signal to the 
scope. Since all instruments tend to affect the circuit being measured due to loading, most 
scope probes provide a high series resistance to minimize loading effects. Probes that 





<@ FIGURE 1-45 


Comparison of an untriggered and a 


triggered waveform on an 
oscilloscope. 


32 = DIGITAL CONCEPTS 


» FIGURE 1-46 


Displays of the same waveform 
having a dc component. 
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(a) DC coupled waveform (b) AC coupled waveform 


» FIGURE 1-47 


An oscilloscope voltage probe. Used 
with permission from Tektronix, Inc. 





have a series resistance ten times larger than the input resistance of the scope are called 
x10 probes. Probes with no series resistance are called x1 probes. The oscilloscope ad- 
justs its calibration for the attenuation of the type of probe being used. For most meas- 
urements, the X10 probe should be used. However, if you are measuring very small 
signals, a x1 may be the best choice. 

The probe has an adjustment that allows you to compensate for the input capacitance of 
the scope. Most scopes have a probe compensation output that provides a calibrated square 
wave for probe compensation. Before making a measurement, you should make sure that 
the probe is properly compensated to eliminate any distortion introduced. Typically, there 
is a screw or other means of adjusting compensation on a probe. Figure 1-48 shows scope 
waveforms for three probe conditions: properly compensated, undercompensated, and 
overcompensated. If the waveform appears either over- or undercompensated, adjust the 
probe until the properly compensated square wave is achieved. 





Undercompensated Overcompensated 


A FIGURE 1-48 


Probe compensation conditions. 





EXAMPLE 1-3 


Solution 


Related Problem 
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Based on the readouts, determine the amplitude and the period of the pulse waveform | 
on the screen of a digital oscilloscope as shown in Figure 1-49. Also, calculate the 
frequency. 





» FIGURE 1-49 





The V/div setting is 1 V. The pulses are three divisions high. Since each division 
represents | V, the pulse amplitude is 


Amplitude = (3 div)(1 V/div) = 3 V 


The sec/div setting is 10 ps. A full cycle of the waveform (from beginning of one 
pulse to the beginning of the next) covers four divisions; therefore, the period is 


Period = (4 div)(10 ps/div) = 40 ps 
The frequency is calculated as 
1 ] 


_—a AO ps 





= 25 kHz 


For a V/div setting of 4 V and sec/div setting of 2 ms, determine the amplitude and 
period of the pulse shown on the screen in Figure 1-49, 


The Logic Analyzer 


Logic analyzers are used for measurements of multiple digital signals and measurement sit- 
uations with difficult trigger requirements. Basically, the logic analyzer came about as a re- 
sult of microprocessors in which troubleshooting or debugging required many more inputs 
than an oscilloscope offered. Many oscilloscopes have two input channels and some are 
available with four. Logic analyzers are available with from 34 to 136 input channels. Gen- 
erally, an oscilloscope is used either when amplitude, frequency, and other timing parame- 
ters of a few signals at a time or when parameters such an rise and fall times, overshoot, and 
delay times need to be measured. The logic analyzer is used when the logic levels of a large 
number of signals need to be determined and for the correlation of simultaneous signals 
based on their timing relationships. A typical logic analyzer is shown in Figure 1—50, and 
a simplified block diagram is in Figure 1-51. 


Data Acquisition The large number of signals that can be acquired at one time is a major 
factor that distinguishes a logic analyzer from an oscilloscope. Generally, the two types of 
data acquisition in a logic analyzer are the timing acquisition and the state acquisition. Tim- 
ing acquisition is used primarily when the timing relationships among the various signals 
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>» FIGURE 1-51 


Simplified block diagram of a logic 


analyzer. 


» FIGURE 1-50 


Typical logic analyzer. Used with 
permission from Tektronix, Inc. 
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need to be determined. State acquisition is used when you need to view the sequence of 
states as they appear in a system under test. 

It is often helpful to have correlated timing and state data, and most logic analyzers can 
simultaneously acquire that data. For example, a problem may initially be detected as an in- 
valid state. However, the invalid condition may be caused by a timing violation in the sys- 
tem under test. Without both types of information available at the same time, isolating the 
problem could be very difficult. 


Channel Count and Memory Depth Logic analyzers contain a real-time acquisition 
memory in which sampled data from all the channels are stored as they occur. Two features 
that are of primary importance are the channel count and the memory depth. The acquisi- 
tion memory can be thought of as having a width equal to the number of channels and a 
depth that is the number of bits that can be captured by each channel during a certain time 
interval. 

Channel count determines the number of signals that can be acquired simultaneously. In 
certain types of systems, a large number of signals are present, such as on the data bus in a 
microprocessor-based system. The depth of the acquisition memory determines the amount 
of data from a given channel that you can view at any given time. 


Analysis and Display Once data has been sampled and stored in the acquisition memory, 
it can typically be used in several different display and analysis modes. The waveform dis- 
play is much like the display on an oscilloscope where you can view the time relationship 
of multiple signals. The listing display indicates the state of the system under test by show- 
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ing the values of the input waveforms (1s and Os) at various points in time (sample points). 
Typically, this data can be displayed in hexadecimal or other formats. Figure 1-52 shows 
simplified versions of these two display modes. The listing display samples correspond to 
the sampled points shown in red on the waveform display. You will study binary and hexa- 
decimal (hex) numbers in the next chapter. 
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(a) Waveform display (b) Listing display 


Two more modes that are useful in computer and microprocessor-based system test- 
ing are the instruction trace and the source code debug. The instruction trace determines 
and displays instructions that occur, for example, on the data bus in a microprocessor- 
based system. In this mode the op-codes and the mnemonics (English-like names) of in- 
structions are generally displayed as well as their corresponding memory address. Many 
logic analyzers also include a source code debug mode, which essentially allows you to 
see what is actually going on in the system under test when a program instruction is 
executed. 


Probes Three basic types of probes are used with logic analyzers. One is a multichannel 
compression probe that can be attached to points on a circuit board, as shown in Figure 1—53. 
Another type of multichannel probe, similar to the one shown, plugs into dedicated sockets 
mounted on a circuit board. A third type is a single-channel clip-on probe. 


<@ FIGURE 1-53 


A typical multichannel logic analyzer 
probe. Used with permission from 
Tektronix, Inc. 





_ Signal Generators 
Logic Signal Source ‘These instruments are also known as pulse generators and pattern 


generators. They are specifically designed to generate digital signals with precise edge 





«@ FIGURE 1-52 


Two logic analyzer display modes. 
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placement and amplitudes and to produce the streams of Is and Os needed to test computer 
buses, microprocessors, and other digital systems. 


Arbitrary Waveform Generators and Function Generators The arbitrary waveform 
generator can be used to generate standard signals like sine waves, triangular waves, and 
pulses as well as signals with various shapes and characteristics. Waveforms can be de- 
fined by mathematical or graphical input. A typical arbitrary waveform generator is shown 
in Figure 1—54(a). 

The function generator provides pulse waveforms as well as sine waves and triangular 
waves. Most function generators have logic-compatible outputs to provide the proper 
level and drive for inputs to digital circuits. Typical function generators are shown in 
Figure 1—54(b). 





(a) An arbitrary waveform generator. (b) Examples of function generators. 


& FIGURE 1-54 


Typical signal generators. Used with permission from Tektronix, Inc. 


The Logic Probe and Logic Pulser The logic probe is a convenient, inexpensive hand- 
held tool that provides a means of troubleshooting a digital circuit by sensing various 
conditions at a point in a circuit, as illustrated in Figure 1-55. The probe can detect high- 
level voltage, low-level voltage, single pulses, repetitive pulses, and opens on a PC 





~—— Logic pulser Lamp on = HIGH 


™ ~ ie ~~  e Lamp off = LOW 
\ 
S= 


One flash = single pulse 


Logic probe 





Repetitive flashes = pulses 


A FIGURE 1-55 


Illustration of how a logic pulser and a logic probe can be used to apply a pulse to a given point and 
check for resulting pulse activity at another part of the circuit. 
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board. The probe lamp indicates the condition that exists at a certain point, as indicated 
in the figure. 

The logic pulser produces a repetitive pulse waveform that can be applied to any point 
in a circuit. You can apply pulses at one point in a circuit with the pulser and check another 
point for resulting pulses with a logic probe. 


- Other Instruments 


The DC Power Supply This instrument is an indispensable instrument on any test bench. 
The power supply converts ac power from the standard wall outlet into regulated dc volt- 
age. All digital circuits require dc voltage. Many logic circuits require +5 V or +3.3 V to 
operate. The power supply is used to power circuits during design, development, and trou- 
bleshooting when in-system power is not available. Typical test bench dc power supplies 
are shown in Figure 1—56. 
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The Digital Multimeter (DMM) The DMM is used for measuring de and ac voltage and 
resistance. Figure 1-57 shows typical test bench and handheld DMMs. 


«@ FIGURE 1-57 


Typical DMMs. Courtesy of B+K 


Precision. 









SECTION 1-7 





3. What does the V/div control on an oscilloscope do? 


5. What is the purpose of a function generator? 





a nnnaemeen 


4. What does the sec/div control on an oscilloscope do? 


«@ FIGURE 1-56 


Typical dc power supplies. Courtesy 


of B+K Precision.® 





REVIEW 1. What is the main difference between a digital and an analog oscilloscope? 


Z. Name two main differences between a logic analyzer and an oscilloscope? 
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DIGITAL SYSTEM 
APPLICATION 


In this digital system application (DSA), a 
simplified system application of the logic 
elements and functions that were 
discussed in Section 1-4 is presented. It is 
important that you understand how 
various digital functions can operate 
together as a total system to perform a 
specified task. It is also important to begin 
to think in terms of system-level operation 
because, in practice, a large part of your 
work will involve systems rather than 
individual functions. Of course, to 
understand systems, you must first 
understand the basic elements and 
functions that make up a system. 

This DSA introduces you to the system 
concept. The example shows you how 
logic functions can work together to 
perform a higher-level task and gets you 
started thinking at the system level. The 
specific system used here to illustrate the 
system concept serves as an instructional 
model and is not necessarily the approach 


ee eee 


ee ee 


to fall into a bottle on the conveyor belt 
below. 

The digital system controls the number 
of tablets going into each bottle and 
displays a continually updated total near 
the conveyor line as well as at a remote 
location in another part of the plant. This 
system utilizes all the basic logic functions 
that were introduced in Section 1-4, and 
its only purpose is to show you how these 
functions may be combined to achieve a 
desired result. 

The general operation is as follows. An 


! optical sensor at the bottom of the funnel 
| neck detects each tablet that passes and 
! produces an electrical pulse. This pulse 


' goes to the counter and advances it by one 


count; thus, at any time during the filling 
of a bottle, the counter contains the 
binary representation of the number of 
tablets in the bottle. The binary count is 
transferred from the counter on parallel 
lines to the B input of the comparator 
(comp). A preset binary number equal to 
the number of tablets that are to go into 
each bottle is placed on the A input of the 
comparator. The preset number comes 
from the keypad and the associated 


: circuits, which include the encoder, register 


to ee ee en 


A, and code converter A. When the 
desired number of tablets is entered on the 


7 keypad, it is encoded and then stored by 


' parallel register A until a change in the 


| quantity of tablets per bottle is required. 


Suppose, for example, that each bottle 


' is to hold fifty tablets. When the number 
! in the counter reaches 50, the A = B 


that would be used in practice, although it | 
| indicating that the bottle is full. 


could be. In modern industrial 
applications like the one discussed here, 
instruments known as programmable 
controllers are often used. 


About the System 


Let’s imagine that a factory uses the 
process control system shown in the 
simplified block diagram of Figure 1-58 
for automatically counting and bottling 
tablets. The tablets are fed into a large 
funnel-like hopper. The narrow neck of 


output of the comparator goes HIGH, 


The HIGH output of the comparator 


| immediately closes the valve in the neck 


= a ae te ee 


of the funnel to stop the flow of tablets, 


: and at the same time it activates the 


ee 


fre eo tae wie er 


conveyor to move the next bottle into 
place under the funnel. When the next 
bottle is positioned properly under the 
neck of the funnel, the conveyor control 
circuit produces a pulse that resets the 
counter to zero. The A = B output of the 


: comparator goes back LOW, opening the 


the funnel allows only one tablet at a time funnel valve to restart the flow of tablets. 


In the display portion of the system, 
the number in the counter is transferred 
in parallel to the A input of the adder. 
The B input of the adder comes from 
parallel register B that holds the total 


: number of tablets bottled, up through 
: the last bottle filled. For example, if ten 


bottles have been filled and each bottle 


' holds fifty tablets, register B contains the 
| binary representation for 500. Then, 

! when the next bottle has been filled, the 
: binary number for 50 appears on the A 

3 input of the adder, and the binary 

' number for 500 is on the B input. The 


adder produces a new sum of 550, which 
is stored in register B, replacing the 
previous sum of 500. 

The binary number in register B is 
transferred in parallel to the code 
converter and decoder, which changes it 
from binary form to decimal form for 


: display on a readout near the conveyor 


' line. The binary number in the register is 


! also transferred to a multiplexer (mux) so 


| that it can be converted from parallel to 


' series form and transmitted along a single 


: line to a remote location some distance 


away. It is more economical to run a single 
line than to run several parallel lines when 


| significant distances are involved, and 


speed of data transmission is not a factor in 
this application. At the remote location, 

the serial data are demultiplexed and sent 
to register C. From there the data are then 


| decoded for display on the remote 


' readout. 


Keep in mind that this system is purely 


' an instructional model and does not 


| necessarily represent the ultimate or most 


3 efficient way to implement this 


| hypothetical process. Although there are 


' certainly other approaches, this particular 


: approach has been used in order to 


illustrate an application of the logic 


' functions that were introduced in Section 


1—4 and that will be covered in detail in 
future chapters. It shows you an 
application of the various functional 
devices at the system level and how they 


' can be connected to accomplish a specific 


objective. 
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a FIGURE 1-58 
Simplified basic block diagram for a tablet-counting and bottling control system. 





SUMMARY 


An analog quantity has continuous values. 
A digital quantity has a discrete set of values. 


A binary digit is called a bit. 


A pulse is characterized by rise time, fall time, pulse width, and amplitude. 
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m The frequency of a periodic waveform is the reciprocal of the period. The formulas relating 
frequency and period are 


f= = andT=-— 


= The duty cycle of a pulse waveform is the ratio of the pulse width to the period, expressed by 
the following formula as a percentage: 


t 
Duty cycle = [) 100% 


= A timing diagram is an arrangement of two or more waveforms showing their relationship with 
respect to time. 


m= Three basic logic operations are NOT, AND, and OR. The standard symbols for these are given 
in Figure 1—59. 


NOT AND OR 


= The basic logic functions are comparison, arithmetic, code conversion, decoding, encoding, data 
selection, storage, and counting. 


= The two broad physical categories of IC packages are through-hole mounted and surface 
mounted. 


= The categories of ICs in terms of circuit complexity are SSI (small-scale integration), MSI 
(medium-scale integration), LSI, VLSI, and ULSI (large-scale, very large-scale, and ultra large- 
scale integration). 


= Two types of SPLDs (simple programmable logic devices) are PAL (programmable array logic) 
and GAL (generic array logic). 


= The CPLD (complex programmable logic device) contains multiple SPLDs with programmable 
interconnections. 


m The FPGA (field programmable gate array) has a different internal structure than the CPLD and 
is generally used for more complex circuits and systems. 


= Common instruments used in testing and troubleshooting digital circuits are the oscilloscope, 
logic analyzer, waveform generator, function generator, dc power supply, digital multimeter, 
logic probe, and logic pulser. 


PKEVTERMS == Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Analog Being continuous or having continuous values. 


AND A basic logic operation in which a true (HIGH) output occurs only when all the input condi- 
tions are true (HIGH). 


Binary Having two values or states; describes a number system that has a base of two and utilizes | 
and 0 as its digits. 


Bit A binary digit, which can be either a | or a 0. 


Clock The basic timing signal in a digital system; a periodic waveform in which each interval be- 
tween pulses equals the time for one bit. 


Compiler A program that controls the design flow process and translates source code into object code 
in a format that can be logically tested or downloaded to a target device. 


CPLD A complex programmable logic device that consists basically of multiple SPLD arrays with 
programmable interconnections. 


Data Information in numeric, alphabetic, or other form. 


Digital Related to digits or discrete quantities; having a set of discrete values. 
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FPGA Field programmable gate array. 
Gate A logic circuit that performs a specified logic operation such as AND or OR. 
Input The signal or line going into a circuit. 


Integrated circuit (IC) A type of circuit in which all of the components are integrated on a single 
chip of semiconductive material of extremely small size. 


Inverter A NOT circuit; a circuit that changes a HIGH to a LOW or vice versa. 


Logic In digital electronics, the decision-making capability of gate circuits, in which a HIGH repre- 
sents a true statement and a LOW represents a false one. 


NOT A basic logic operation that performs inversions. 


OR A basic logic operation in which a true (HIGH) output occurs when one or more of the input con- 
ditions are true (HIGH). 


Output The signal or line coming out of a circuit. 


Parallel In digital systems, data occurring simultaneously on several lines; the transfer or processing 
of several bits simultaneously. 


Pulse A sudden change from one level to another, followed after a time, called the pulse width, by a 
sudden change back to the original level. 


Serial Having one element following another, as in a serial transfer of bits; occurring in sequence 
rather than simultaneously. 


SPLD Simple programmable logic device. 
Timing diagram A graph of digital waveforms showing the time relationship of two or more waveforms. 


Troubleshooting The technique or process of systematically identifying, isolating, and correcting a 
fault in a circuit or system. 


PSELETESD 8 Answers are at the end of the chapter. 


1. A quantity having continuous values is 
(a) a digital quantity (b) an analog quantity 
(c) a binary quantity (d) a natural quantity 
2. The term bit means 
(a)asmall amount of data (b)alora0O 
(c) binary digit (d) both answers (b) and (c) 
3. The time interval on the leading edge of a pulse between 10% and 90% of the amplitude is the 
(a) rise time (b) fall time (c) pulse width (d) period 
4. A pulse in a certain waveform occurs every 10 ms. The frequency is 
(a) 1 kHz (b) 1 Hz (c) 100 Hz (d) 10 Hz 
5. Ina certain digital waveform, the period is twice the pulse width. The duty cycle is 
(a) 100% (b) 200% (c) 50% 
6. An inverter 
(a) performs the NOT operation (b) changes a HIGH to a LOW 
(c) changes a LOW to a HIGH (d) does all of the above 
7. The output of an AND gate is HIGH when 
(a) any input is HIGH (b) all inputs are HIGH 
(c) no inputs are HIGH (d) both answers (a) and (b) 
8. The output of an OR gate is HIGH when 
(a) any input is HIGH (b) all inputs are HIGH 
(c) no inputs are HIGH (d) both answers (a) and (b) 
9. The device used to convert a binary number to a 7-segment display format is the 


(a) multiplexer (b) encoder (c) decoder (d) register 
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10. An example of a data storage device is 
(a) the logic gate —_ (b) the flip-flop (c) the comparator 
(d) the register (e) both answers (b) and (d) 
11. A fixed-function IC package containing four AND gates is an example of 
(a) MSI (b) SMT (c) SOIC (d) SSI 
12. An LSI device has a circuit complexity of from 
(a) 10 to 100 equivalent gates (b) more than 100 to 10,000 equivalent gates 
(c) 2000 to 5000 equivalent gates (d) more than 10,000 to 100,000 equivalent gates 
13. VHDLisa 
(a) logic device (b) PLD programming language 
(c) computer language (d) very high density logic 
14. ACPLDisa 


(a) controlled program logic device (b) complex programmable logic driver 
(c) complex programmable logic device (d) central processing logic device 
15. An FPGA is a 
(a) field programmable gate array (b) fast programmable gate array 
(c) field programmable generic array (d) flash process gate application 


/PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 1-1 Digital and Analog Quantities 
1. Name two advantages of digital data as compared to analog data. 


2. Name an analog quantity other than temperature and sound. 


SECTION 1-2 Binary Digits, Logic Levels, and Digital Waveforms 


3. Define the sequence of bits (1s and Os) represented by each of the following sequences of 
levels: 


(a) HIGH, HIGH, LOW, HIGH, LOW, LOW, LOW, HIGH 
(b) LOW, LOW, LOW, HIGH, LOW, HIGH, LOW, HIGH, LOW 


4. List the sequence of levels (HIGH and LOW) that represent each of the following bit 
sequences: 


(a) 1011101 (b) 11101001 
5. For the pulse shown in Figure 1—60, graphically determine the following: 
(a) rise time (b) fall time (c) pulse width (d) amplitude 


» FIGURE 1-60 Volts 





6. Determine the period of the digital waveform in Figure 1-61. 


7. What is the frequency of the waveform in Figure 1-61? 


in 


(a) 
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8. Is the pulse waveform in Figure 1-61 periodic or nonperiodic? 


9. Determine the duty cycle of the waveform in Figure 1-61. 


t (ms) 





A FIGURE 1-61 


10. Determine the bit sequence represented by the waveform in Figure 1-62. A bit time is | ps 
this case. 


11. What is the total serial transfer time for the eight bits in Figure 1-62? What is the total parallel 
transfer time? 


| 
| 
| | | | | | 
| | | | | | 
| | | | | | 
lws 245 3s 40s S3ps 6s Ttis 8s 


on--o- 


A FIGURE 1-62 


SECTION 1-3 _ Basic Logic Operations 
12. A logic circuit requires HIGHSs on all its inputs to make the output HIGH. What type of logic 
circuit is it? 
13. A basic 2-input logic circuit has a HIGH on one input and a LOW on the other input, and the 
output is LOW. Identify the circuit. 


14. A basic 2-input logic circuit has a HIGH on one input and a LOW on the other input, and the 
output is HIGH. What type of logic circuit is it? 


SECTION 1-4 Overview of Basic Logic Functions 


15. Name the logic function of each block in Figure 1-63 based on your observation of the inputs 
and outputs. 


eS 
2 HIGH —— = 
. ne . HIGH 
6 — |1 0:0) 1 — Low 
= Low — | 
3 : HIGH —— 7 | i =—— LOW 


Select inputs 


(b) (c) (d) 
4 FIGURE 1-63 


16. A pulse waveform with a frequency of 10 kHz is applied to the input of a counter. During 
100 ms, how many pulses are counted? 


17. Consider a register that can store eight bits. Assume that it has been reset so that it contains 
zeros in all positions. If you transfer four alternating bits (0101) serially into the register, 
beginning with a | and shifting to the right, what will the total content of the register be as 
soon as the fourth bit is stored? 
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SECTION 1-5 


SECTION 1-6 


SECTION 1-7 


SECTION 1-8 


SECTION 1-1 


SECTION 1-2 


Fixed-Function Integrated Circuits 
18. A fixed-function digital IC chip has a complexity of 200 equivalent gates. How is it classified? 
19. Explain the main difference between the DIP and SMT packages. 


20. Label the pin numbers on the packages in Figure 1-64. Top views are shown. 


>» FIGURE 1-64 





Introduction to Programmable Logic 
21. Which of the following acronyms do not describe programmable logic? 
PAL, GAL, SPLD, ABEL, CPLD, CUPL, FPGA 
22. What do each of the following stand for? 
(a) SPLD (b) CPLD (c) HDL (d) FPGA (e) GAL 
23. Define each of the following PLD programming terms: 
(a) design entry (b) simulation (c) compilation (d) download 


24. Describe the process of place-and-route. 


Test and Measurement Instruments 


25. A pulse is displayed on the screen of an oscilloscope, and you measure the base line as | V 
and the top of the pulse as 8 V. What is the amplitude? 


26. A logic probe is applied to a contact point on an IC that is operating in a system. The lamp on 
the probe flashes repeatedly. What does this indicate? 


Digital System Application 
27. Define the term system. 
28. In the system depicted in Figure 1-58, why are the multiplexer and demultiplexer necessary? 


29. What action can be taken to change the number of tablets per bottle in the system of Figure 1-58? 





Digital and Analog Quantities 


1. Analog means continuous. 
2. Digital means discrete. 
3. A digital quantity has a discrete set of values and an analog quantity has continuous values. 


4. A public address system is analog. A CD player is analog and digital. A computer is all digital. 


Binary Digits, Logic Levels, and Digital Waveforms 
1. Binary means having two states or values. 
A bit is a binary digit. 
The bits are | and 0. 
Rise time: from 10% to 90% of amplitude. Fall time: from 90% to 10% of amplitude. 
Frequency is the reciprocal of the period. 
A clock waveform is a basic timing waveform from which other waveforms are derived. 


A timing diagram shows the time relationship of two or more waveforms. 


eI AM SP WP 


Parallel transfer is faster than serial transfer. 
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SECTION 1-3 _ Basic Logic Operations 


1. 


nn PS? 


When the input is LOW 

When all inputs are HIGH 

When any or all inputs are HIGH 
An inverter is a NOT circuit. 


A logic gate is a circuit that performs a logic operation (AND, OR). 


SECTION 1-4 Overview of Basic Logic Functions 


1. 


i aT. 


A comparator compares the magnitudes of two input numbers. 

Add, subtract, multiply, and divide 

Encoding is changing a familiar form such as decimal to a coded form such as binary. 
Decoding is changing a code to a familiar form such as binary to decimal. 


Multiplexing puts data from many sources onto one line. Demultiplexing takes data from one 
line and distributes it to many destinations. 


6. Flip-flops, registers, semiconductor memories, magnetic disks 


fF 


A counter counts events with a sequence of binary states. 


SECTION 1-5  Fixed-Function Integrated Circuits 


1. 
2. 


3 


An IC is an electronic circuit with all components integrated on a single silicon chip. 


DIP—dual in-line package; SMT—surface-mount technology; SOlC—small-outline 
integrated circuit; SSI—small-scale integration; MSI—medium-scale integration; LSI—large- 
scale integration; VLSI—very large-scale integration; ULSI—utItra large-scale integration 


(a) SSI (b) MSI (c) LSI (d) VLSI (e) ULSI 


SECTION 1-6 Introduction to Programmable Logic 


1. 


2. 
3. 
4. 


Simple programmable logic device (SPLD), complex programmable logic device (CPLD), and 
field programmable gate array (FPGA) 

A CPLD is made up of multiple SPLDs. 

Design entry, functional simulation, synthesis, implementation, timing simulation, and download 
Design entry: The logic design is entered using development software. Functional simulation: 
The design is software simulated to make sure it works logically. Synthesis: The design is 
translated into a netlist. Jmplementation: The logic developed by the netlist is mapped into the 


programmable device. Timing simulation: The design is software simulated to confirm that 
there are no timing problems. Download: The design is placed into the programmable device. 


SECTION 1-7 Test and Measurement Instruments 


iP 


RELATED PROBLEMS FOR EXA 
1-1 f= 6.67 kHz; Duty cycle = 16.7% 
1-2 Parallel transfer: 100 ns; Serial transfer: 1.6 ps 
1-3 Amplitude = 12 V; T= 8 ms 


The analog scope applies the measured waveform directly to the display circuits. The digital 
scope first converts the measured signal to digital form. 


The logic analyzer has more channels than the oscillosope and has more than one data display 
format. 


The V/div control sets the voltage for each division on the screen. 


. The sec/div control sets the time for each division on the screen. 


2. 


The function generator produces various types of waveforms. 
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CHAPTER OBJECTIVES 


= Review the decimal number system 

©" Count in the binary number system 

©" Convert from decimal to binary and from binary to decimal 
"= Apply arithmetic operations to binary numbers 

© Determine the 1’s and 2’s complements of a binary number 


© Express signed binary numbers in sign-magnitude, 1's 
complement, 2's complement, and floating-point format 


© Carry out arithmetic operations with signed binary numbers 
"Convert between the binary and hexadecimal number systems 
© Add numbers in hexadecimal form 

= Convert between the binary and octal number systems 

© Express decimal numbers in binary coded decimal (BCD) form 
= Add BCD numbers 

"Convert between the binary system and the Gray code 


© Interpret the American Standard Code for Information Inter- 
change (ASCII) 


© Explain how to detect and correct code errors 


KEY TERMS 


LSB BCD 

MSB Alphanumeric 
Byte ASCII 
Floating-point number Parity 


Hexadecimal 


Octal 


Hamming code 


INTRODUCTION 


The binary number system and digital codes are fundamental 
to computers and to digital electronics in general. In this 
chapter, the binary number system and its relationship to 
other number systems such as decimal, hexadecimal, and 
octal is presented. Arithmetic operations with binary 
numbers are covered to provide a basis for understanding 
how computers and many other types of digital systems 
work. Also, digital codes such as binary coded decimal 
(BCD), the Gray code, and the ASCII are covered. The parity 
method for detecting errors in codes is introduced and a 
method for correcting errors is described. The tutorials on 
the use of the calculator in certain operations are based on 
the TI-86 graphics calculator and the TI-36X calculator. The 
procedures shown may vary on other types. 





rx VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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Dy DECIMAL NUMBERS 


The decimal number system has 
ten digits. 


The decimal number system has a 
base of 10. 


The value of a digit is determined 
by its position in the number. 


You are familiar with the decimal number system because you use decimal numbers 
every day. Although decimal numbers are commonplace, their weighted structure is 
often not understood. In this section, the structure of decimal numbers is reviewed. This 
review will help you more easily understand the structure of the binary number system, 
which is important in computers and digital electronics. 


After completing this section, you should be able to 


= Explain why the decimal number system is a weighted system ® Explain how 
powers of ten are used in the decimal system ™ Determine the weight of each digit in a 
decimal number 


In the decimal number system each of the ten digits, 0 through 9, represents a certain 
quantity. As you know, the ten symbols (digits) do not limit you to expressing only ten dif- 
ferent quantities because you use the various digits in appropriate positions within a num- 
ber to indicate the magnitude of the quantity. You can express quantities up through nine 
before running out of digits; if you wish to express a quantity greater than nine, you use two 
or more digits, and the position of each digit within the number tells you the magnitude it 
represents. If, for example, you wish to express the quantity twenty-three, you use (by their 
respective positions in the number) the digit 2 to represent the quantity twenty and the digit 
3 to represent the quantity three, as illustrated below. 


The digit 2 has a weight of The digit 3 has a weight 


10 in this position. fades seas of | in this position. 
2 3 


2X10 + Swe | 
1 1 
20 = i 3 


oe 


23 


The position of each digit in a decimal number indicates the magnitude of the quantity 
represented and can be assigned a weight. The weights for whole numbers are positive pow- 
ers of ten that increase from right to left, beginning with 10° = 1. 


... 10° 10* 10° 10° 10! 10° 
For fractional numbers, the weights are negative powers of ten that decrease from left to 
right beginning with 10’. 
LP" 10510 * 10 10, 
T___ Decimal point 


The value of a decimal number is the sum of the digits after each digit has been multi- 
plied by its weight, as Examples 2—1 and 2-2 illustrate. 
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EXAMPLE 2-1 
Express the decimal number 47 as a sum of the values of each digit. 


Solution The digit 4 has a weight of 10, which is 10', as indicated by its position. The digit 7 
has a weight of 1, which is 10°, as indicated by its position. 


Ay = (4 x 10) + (7 & 10°) 
= (4x 10) + (7X 1) =40+7 


Related Problem* Determine the value of each digit in 939. 


“Answers are at the end of the chapter. 


EXAMPLE 2-2 
Express the decimal number 568.23 as a sum of the values of each digit. 


Solution The whole number digit 5 has a weight of 100, which is 10°, the digit 6 has a weight 
of 10, which is 10!, the digit 8 has a weight of 1, which is 10°, the fractional digit 2 
has a weight of 0.1, which is 10~', and the fractional digit 3 has a weight of 0.01, 
which is 10°. 


568.29 = (5 * 10°) + (6 X 109 + (8 & 10) + x 10), + G x 104) 
= (5X 100) + (6X 10) +(8X1) +(2x01) + (3 x 0.01) 
= 500 + 6 + 8 + 02 + 0.03 


Related Problem Determine the value of each digit in 67.924. 


Powers of Ten 
Example Find the value of 10°. 
10° 


TI-86 Step1. EX 


Step 2. 3) 


Step 3. 


TI-36X Step1. 8 Oh) 





by multiplying each digit by its appropriate weight: 
(a) 51 (b) 137 (c) 1492 (d) 106.58 


Step 2. [=] 
| | SECTION 2-1 a ; | 
| REVIEW 1. What weight does the digit 7 have in each of the following numbers? | 
Answers are at the end of the (a) 1370 ~=—s (b) 6725 ~——s (ec) 7051 (d) 58.72 | 
| chapter. 2. Express each of the following decimal numbers as a sum of the products obtained | 
| : 
| | 
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222 einary NUMBERS 


The binary number system has 
two digits (bits). 


The binary number system has a 
base of 2. 


The binary number system is another way to represent quantities. It is less complicated 
than the decimal system because it has only two digits. The decimal system with its ten 
digits is a base-ten system; the binary system with its two digits is a base-two system. 
The two binary digits (bits) are 1 and 0. The position of a 1 or 0 in a binary number 
indicates its weight, or value within the number, just as the position of a decimal digit 
determines the value of that digit. The weights in a binary number are based on powers 
of two. 


After completing this section, you should be able to 


= Count in binary ™ Determine the largest decimal number that can be represented by a 
given number of bits ™ Convert a binary number to a decimal number 





Counting in Binary 


To learn to count in the binary system, first look at how you count in the decimal system. 
You start at zero and count up to nine before you run out of digits. You then start another 
digit position (to the left) and continue counting 10 through 99. At this point you have ex- 
hausted all two-digit combinations, so a third digit position is needed to count from 100 
through 999. 

A comparable situation occurs when you count in binary, except that you have only two 
digits, called bits. Begin counting: O, 1. At this point you have used both digits, so include 
another digit position and continue: 10, 11. You have now exhausted all combinations of 
two digits, so a third position is required. With three digit positions you can continue to 
count: 100, 101, 110, and 111. Now you need a fourth digit position to continue, and so on. 
A binary count of zero through fifteen is shown in Table 2—1. Notice the patterns with which 
the Is and Os alternate in each column. 


» TABLE 2-1 
DECIMAL 


NUMBER BINARY NUMBER 





0 0 0 0 0 
] 0 0 0 | 
2 0 0 | 0 
3 0 0 l 
4 0 1 0 0 
5 0 | 0 l 
6 0 ] l 0 
i) 0 | ] 
8 ] 0 0 0 
9 l 0 0 
10 1 0 0 
11 1 0 1 | 
12 0 0 
13 1 l 0 
14 l | l 0 
15 | 





As you have seen in Table 2—1, four bits are required to count from zero to 15. In gen- 
eral, with n bits you can count up to a number equal to 2” — 1. 


Largest decimal number = 2” — 1 

For example, with five bits (2 = 5) you can count from zero to thirty-one. 
Po | = 39.— 4 & 31 

With six bits (2 = 6) you can count from zero to sixty-three. 
2P—1=64-—1=63 


A table of powers of two is given in Appendix A. 


Powers of Two 


Example Find the value of 2°. 


TI-86 Stepl. & 


Step2. 


Step1. 8 
Step 2. § [=] 





An Application 


Learning to count in binary will help you to basically understand how digital circuits can 
be used to count events. This can be anything from counting items on an assembly line to 
counting operations in a computer. Let’s take a simple example of counting tennis balls go- 
ing into a box from a conveyor belt. Assume that nine balls are to go into each box. 

The counter in Figure 2—1 counts the pulses from a sensor that detects the passing of a 
ball and produces a sequence of logic levels (digital waveforms) on each of its four paral- 
lel outputs. Each set of logic levels represents a 4-bit binary number (HIGH = | and LOW 
= (0), as indicated. As the decoder receives these waveforms, it decodes each set of four bits 
and converts it to the corresponding decimal number in the 7-segment display. When the 
counter gets to the binary state of 1001, it has counted nine tennis balls, the display shows 
decimal 9, and a new box is moved under the conveyor. Then the counter goes back to its 
zero state (OOOO), and the process starts over. (The number 9 was used only in the interest 
of single-digit simplicity.) 
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The value of a bit is determined 
by its position in the number. 


Ball count Ist 2nd 3rd 4th Sth 6th 7th 8th 9th 


Ist ball | | | | 


2nd ball of 1 ol1lol1lo 
Oth ball Counter 


Dy OO) a Bee OS Pye 








Decoder 











Ge) 4/15) 6) 16 


& FIGURE 2-1 


Illustration of a simple binary counting application. 
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he Weighting Structure of Binary Numbers 


The weight or value of a bit A binary number is a weighted number. The right-most bit is the LSB (least significant bit) 
increases from right to left in a in a binary whole number and has a weight of 2° = 1. The weights increase from right to 


binary number. 


left by a power of two for each bit. The left-most bit is the MSB (most significant bit); its 
weight depends on the size of the binary number. 

Fractional numbers can also be represented in binary by placing bits to the right of the 
binary point, just as fractional decimal digits are placed to the right of the decimal point. 
The left-most bit is the MSB in a binary fractional number and has a weight of 2~' = 0.5. 
The fractional weights decrease from left to right by a negative power of two for each bit. 

The weight structure of a binary number is 
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ed i Binary point 
Computers use binary numbers to 
select memory locations. Each where n is the number of bits from the binary point. Thus, all the bits to the left of the bi- 
location is assigned a unique nary point have weights that are positive powers of two, as previously discussed for whole 


number called an address. Some 
Pentium microprocessors, for 
example, have 32 address lines 
which can select 2°” 


numbers. All bits to the right of the binary point have weights that are negative powers of 
two, or fractional weights. 
The powers of two and their equivalent decimal weights for an 8-bit binary whole num- 


(4,294,967,296) unique locations. ber and a 6-bit binary fractional number are shown in Table 2—2. Notice that the weight dou- 






bles for each positive power of two and that the weight is halved for each negative power 
of two. You can easily extend the table by doubling the weight of the most significant pos- 
itive power of two and halving the weight of the least significant negative power of two; for 
example, 2? = 512 and 2~’ = 0.0078125. 


VY TABLE 2-2 
Binary weights. 


POSITIVE POWERS OF TWO Nizcvia deh awnelarane 


(WHOLE NUMBERS) (FRACTIONAL NUMBER) 
96 9° 9% 93 9-4 9-5 

1/16 1/32 1/64 
0.0625 0.03125 0.015625 











_ Binary-to-Decimal Conversion 


Add the weights of all 1s in a The decimal value of any binary number can be found by adding the weights of all bits that 
binary number to get the are 1 and discarding the weights of all bits that are 0. 


decimal value. 


EXAMPLE 2-3 


Convert the binary whole number 1101101 to decimal. 


Solution Determine the weight of each bit that is a 1, and then find the sum of the weights to 
get the decimal number. 


Waeisht: 2° 2° 2* 2° 2° 3 9° 


Binary number; 1 1 0 1-1 0 1 
LOL LOL = 2° 4- 2° + 2° + 2* 4 2” 
= 64+ 32+8+4+1= 109 


Related Problem Convert the binary number 10010001 to decimal. 
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EXAMPLE 2-4 


Convert the fractional binary number 0.1011 to decimal. 


Solution Determine the weight of each bit that is a |, and then sum the weights to get the 


decimal fraction. 
Weight: ee 
Binary number: 0. 1 0 
DIOL = 2" +I 427 


9-3 a-4 
i 1 


= 0.5 + 0.125 + 0.0625 = 0.6875 


Related Problem Convert the binary number 10.111 to decimal. 


SECTION 2-2 ayes eerie 

REVIEW 1. What is the largest decimal number that can be represented in binary with eight bits? 
2. Determine the weight of the 1 in the binary number 10000. 
3. Convert the binary number 10111101.011 to decimal. 


Nee leet Ame Sere ad LES 


aes DECIMAL-TO-BINARY CONVERSION 


In Section 2—2 you learned how to convert a binary number to the equivalent decimal 
number. Now you will learn two ways of converting from a decimal number to a binary 
number. 


After completing this section, you should be able to 


= Convert a decimal number to binary using the sum-of-weights method ™ Convert a 
decimal whole number to binary using the repeated division-by-2 method ™ Convert a 
decimal fraction to binary using the repeated multiplication-by-2 method 


_Sum-of-Weights Method 


One way to find the binary number that is equivalent to a given decimal number is to de- 
termine the set of binary weights whose sum is equal to the decimal number. An easy way 
to remember binary weights is that the lowest is 1, which is 2°, and that by doubling any 
weight, you get the next higher weight; thus, a list of seven binary weights would be 64, 32, 
16, 8, 4, 2, 1 as you learned in the last section. The decimal number 9, for example, can be 
expressed as the sum of binary weights as follows: 


9=8+1 o0 9=2?+2° 
Placing 1s in the appropriate weight positions, 2° and 2°, and Os in the 2° and 2' positions 
determines the binary number for decimal 9. 

> 2? 2 2 

Et ee pp Binary number for decimal 9 


To get the binary number for a 
given decimal number, find the 
binary weights that add up to 
the decimal number. 
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EXAMPLE 2-5 
Convert the following decimal numbers to binary: 


(a) 12 (b) 25 (c) 58 (d) 82 


Solution (a) 12=8+4=2) + 2?——————________________, 1100 


(b) 25=164+8+1=274+2) + 229——__________________» 11001 


(c) 58 = 32+ 164+84+2=2?4+ 244+ 2) + 2! —__________ » 111010 


(d) 82= 644+ 16+2=2°+ 2* + 2! _______|{_|{_____»_ 1010010 


Related Problem Convert the decimal number 125 to binary. 





Repeated Division-by-2 Method 


To get the binary number for a A systematic method of converting whole numbers from decimal to binary is the repeated 
given decimal number, divide the _ division-by-2 process. For example, to convert the decimal number 12 to binary, begin by 
decimal number by 2 until the dividing 12 by 2. Then divide each resulting quotient by 2 until there is a 0 whole-number 
quotient is 0. Remainders form quotient. The remainders generated by each division form the binary number. The first re- 
the binary number. mainder to be produced is the LSB (least significant bit) in the binary number, and the last 


remainder to be produced is the MSB (most significant bit). This procedure is shown in the 
following steps for converting the decimal number 12 to binary. 


Remainder 


pt 
No 


— = 0 
z —J 
6 
—= 3 
5 0 
3 
~= | ] 
I 
fe 0 i 
2 | 
Stop when the | ile Meath ee 
whole-number quotient is 0. 
MSB — TL LSB 


: EXAMPLE 2-6 
Convert the following decimal numbers to binary: 


(a) 19 (b) 45 


Solution 


(a) 


le 
\O 
II 
‘© 


lt wes Ww]. i 
| || || | 
— i) & 


NOR ae i) 
| 
a] 


Related Problem 
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(b) 


Remainder 


le 
| 
N 
NO 


| 


ISaqe 
| 
ko 
ws 


—_) 
Ae 
| 

N 


ln Ded 
|| | 
NO 


fi: 


NW | bo 
|| 
— 


aa 
10011 
MsB — Lisp 


Nl 
\| 
S&S 


Convert decimal number 39 to binary. 


MSB — 


Remainder 


i 


| 


Ot 
T_ isp 


— 


—" 


(==) 


pened 


Conversion of a Decimal Number to a Binary Number 


Example Convert decimal 57 to binary. 


TI-86 


TI-36X 


BASE 
Step 1. 


Step 2. 
Step 3. 
Step 4. 


5 7 
rr 
DEC 
L} (ee) 
B28 


BIN 


ES Gd 


Step 1. 
Step 2. 


Step 3. 


Converting Decimal Fractions to Binary 


| 57> Bin 


eaeeaiose CONV ECO 


| >Bin|>Hex|> Oct |>Dec 


111001b 


111001 





Examples 2—5 and 2—6 demonstrated whole-number conversions. Now let’s look at fractional 
conversions. An easy way to remember fractional binary weights is that the most significant 
weight is 0.5, which is 2” ', and that by halving any weight, you get the next lower weight; 
thus a list of four fractional binary weights would be 0.5, 0.25, 0.125, 0.0625. 
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Sum-of-Weights The sum-of-weights method can be applied to fractional decimal num- 
bers, as shown in the following example: 


0.425 = 0.5 + 0.125 = 24 2 = 0.101 


There is a 1 in the 2~' position, a 0 in the 2” position, and a 1 in the 2° position. 


Repeated Multiplication by 2 As you have seen, decimal whole numbers can be con- 
verted to binary by repeated division by 2. Decimal fractions can be converted to binary by 
repeated multiplication by 2. For example, to convert the decimal fraction 0.3125 to binary, 
begin by multiplying 0.3125 by 2 and then multiplying each resulting fractional part of the 
product by 2 until the fractional product is zero or until the desired number of decimal 
places is reached. The carry digits, or carries, generated by the multiplications produce the 
binary number. The first carry produced is the MSB, and the last carry is the LSB. This pro- 
cedure is illustrated as follows: 


MSB == Cc LSB 
Carry zi i 8 


J 
0.3125X2=0.625 0 | 


0.625x%2=125 | 


ee 


0.25 X 2 = 0.50 0 


—— 


0.50 x 2 = 1.00 1 


Continue to the desired number of decimal a 
or stop when the fractional part is all zeros. 


| [SECTION 2-3 | 
REVIEW 1. Convert each decimal number to binary by using the sum-of-weights method: | 


(a) 23 (b) 57 (c) 45.5 

2. Convert each decimal number to binary by using the repeated division-by-2 | 
method (repeated multiplication-by-2 for fractions): | 
(a) 14 () 21 fe) 0275 | 


BINARY ARITHMETIC 





Binary arithmetic is essential in all digital computers and in many other types of digital 
systems. To understand digital systems, you must know the basics of binary addition, 
subtraction, multiplication, and division. This section provides an introduction that will 
be expanded in later sections. 


After completing this section, you should be able to 


™ Add binary numbers ™ Subtract binary numbers ™ Multiply binary numbers 
= Divide binary numbers 
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Binary Addition 


The four basic rules for adding binary digits (bits) are as follows: Remember, in binary 1 + 1 = 
10, not 2. 


0+0=0 ~— Sum of 0 witha carry of 0 
a ae 
1+0=1  Sumof 1 witha carry of 0 
1+1= 10 Sum of 0 witha carry of | 


| 


1 Sum of | witha carry of 0 


Notice that the first three rules result in a single bit and in the fourth rule the addition of two 
ls yields a binary two (10). When binary numbers are added, the last condition creates a 
sum of 0 in a given column and a carry of | over to the next column to the left, as illustrated 
in the following addition of 11 + I: 


Carry Carry 
1 1 
0 1 l 
+ {) 0 1 
0 0 


In the right column, | + 1 = O with a carry of | to the next column to the left. In the mid- 
dle column, 1 + 1 + 0 = 0 with acarry of | to the next column to the left. In the left col- 
umn, 1 +0+0= 1. 

When there is a carry of 1, you have a situation in which three bits are being added (a bit 
in each of the two numbers and a carry bit). This situation is illustrated as follows: 


Carry bits 
m+ O+ 0 = 0! Sum of | with a carry of 0 


1+1+0=10 Sum of 0 with a carry of 1 
1 +0+1=10 Sum of 0 with a carry of | 
meis b= i Sum of | with a carry of 1 










EXAMPLE 2-7 





Add the following binary numbers: 
(ay = U1 (b) 100 + 10 (ce) T1I + 1 (d) 110 + 100 






Solution The equivalent decimal addition is also shown for reference. 





(a) 11 3 (b) 100 ~ (c) 111 7 (d) 110 6 
+ TI +3 +10 AD + {} +3 +100 =+4 
110 6 110 6 1010 10 1010 10 






Related Problem Add 1111 and 1100. 


Binary Subtraction 


The four basic rules for subtracting bits are as follows: Remember in binary 10 — 1 = 1, 
not 9. 
0-0: =0 
Le r=0 
Lo Ok 
10.= S A QO — | with a borrow of | 


58 & 


EXAMPLE 2-8 


Solution 


Related Problem 


EXAMPLE 2-9 


Solution 


Related Problem 


Binary multiplication of two bits 
is the same as multiplication of 


the decimal digits 0 and 1. 


NUMBER SYSTEMS, OPERATIONS, AND CODES 


When subtracting numbers, you sometimes have to borrow from the next column to the 
left. A borrow is required in binary only when you try to subtract a | from a 0. In this case, 
when a | is borrowed from the next column to the left, a 10 is created in the column being 
subtracted, and the last of the four basic rules just listed must be applied. Examples 2—8 
and 2—9 illustrate binary subtraction; the equivalent decimal subtractions are also shown. 


Perform the following binary subtractions: 


(ay Il = Ol (b) 11 — 10 
(a) Ill 3 (b) 11 3 
= iL = i = 1) 4 
10 2 01 ] 


No borrows were required in this example. The binary number 01 is the same as 1. 


Subtract 100 from 111. 


Subtract 011 from 101. 


101 
=O 
010 


| 
Ales 


Let’s examine exactly what was done to subtract the two binary numbers since a 
borrow is required. Begin with the right column. 


Middle column: 

Borrow | from next column 
to the left, making a 10 in 
this column, then 10 — | = 1. 


Left column: 
When a 1 is borrowed, 


ee 


0 

1'01 Right column: 
=A) LL f=T= 

a6 ee 


Subtract 101 from 110. 





Binary Multiplication 


The four basic rules for multiplying bits are as follows: 


—-= —& © © 
ae alee G 
—= OO — © 

exer 
ae © © © 
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Multiplication is performed with binary numbers in the same manner as with decimal num- 
bers. It involves forming partial products, shifting each successive partial product left one 
place, and then adding all the partial products. Example 2—10 illustrates the procedure; the 
equivalent decimal multiplications are shown for reference. 


EXAMPLE 2-10 


Perform the following binary multiplications: 


(a) 11x11 (b) 101 x 111 


(a) 11 (b) 111 
x it -_X 101 
Partial {| 11 Partial | 111 
products (+11 products 000 
1001 ETI 
100011 


Related Problem Multiply 1101 x 1010. 





Binary Division A calculator can be used to 
perform arithmetic operations 


Division in binary follows the same procedure as division in decimal, as Example 2-11 il- jet, pip ary numbers as long as 
lustrates. The equivalent decimal divisions are also given. the capacity of the calculator is 


not exceeded. 


EXAMPLE 2-11 
Perform the following binary divisions: 


(a) 110+11 (b) 110+ 10 


10 @) 11 3 
Solution (a) 11)110 3)6 (b)10)110 2)6 
ui 6 10 6 
000 0 10 0 
10 
00 


Related Problem Divide 1100 by 100. 


| [SECTION 2-4 | 
| PREVIEW 1. Perform the following binary additions: | 


(a) 1101 + 1010 (b) 10111 + 01101 
2. Perform the following binary subtractions: 





(a) 1101 — 0100 (b) 1001 — 0111 
3. Perform the indicated binary operations: 
(a) 110x111 (b) 1100 +011 | 
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aes 1's AND 2‘°S COMPLEMENTS OF BINARY NUMBERS 


The |’s complement and the 2’s complement of a binary number are important because 
they permit the representation of negative numbers. The method of 2’s complement 
arithmetic is commonly used in computers to handle negative numbers. 


After completing this section, you should be able to 


= Convert a binary number to its 1’s complement ®™ Convert a binary number to its 2’s 
complement using either of two methods 


Finding the 1’‘s Complement 


Change each bit in a number to The |’s complement of a binary number is found by changing all Is to Os and all Os to Is, 
get the 1’s complement. as illustrated below: 


LOLL1O01 0 Binary number 
desk bab bb 
OLOOLIOT 1’s complement 


The simplest way to obtain the 1’s complement of a binary number with a digital cir- 
cuit is to use parallel inverters (NOT circuits), as shown in Figure 2—2 for an 8-bit binary 
number. 


a ® FIGURE 2-20 2-2 

Example of inverters used to obtain 
the 1’s complement of a binary 
number. 


Finding the 2's Complement 


Add 1 to the 1’°scomplementto The 2’s complement of a binary number is found by adding 1 to the LSB of the 1’s com- 
get the 2's complement. plement. 


2’s complement = (1’s complement) + 1 






EXAMPLE 2-12 






Find the 2’s complement of 10110010. 


Solution 10110010 Binary number 
01001101 1's complement 
ae i Add 1 


01001110 2's complement 


Related Problem Determine the 2’s complement of 11001011. 


a i eld ea a a, 
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An alternative method of finding the 2’s complement of a binary number is as follows: | Change all bits to the left of the 
least significant 1 to get 2's 


1. Start at the right with the LSB and write the bits as they are up to and including complement. 
the first 1. 


2. Take the 1’s complements of the remaining bits. 


: EXAMPLE 2-13 
Find the 2’s complement of 10111000 using the alternative method. 








Solution 10111000 Binary number 
1’s complements 01001000 2’s complement 
of original rian me | ; 
These bits stay the same. 


Related Problem Find the 2’s complement of 11000000. 





The 2’s complement of a negative binary number can be realized using inverters and an 
adder, as indicated in Figure 2—3. This illustrates how an 8-bit number can be converted to 
its 2’s complement by first inverting each bit (taking the 1’s complement) and then adding 
| to the 1’s complement with an adder circuit. 


<« FIGURE 2-3 


Negative number | 0 | 0) l 0 | 0 
Example of obtaining the 2’s 


7 uy Sg Y7 a wy Wy a | complement of a negative binary 
number. 
O O O O O O O O) 
1’s complement 0 l 0 I 0 | 0 | 


Input bits 


Add 
ip (add 1) 





Output bits (sum) 


2’s complement 0 | 0 l () l | 0 


To convert from a 1’s or 2’s complement back to the true (uncomplemented) binary 
form, use the same two procedures described previously. To go from the 1’s complement 
back to true binary, reverse all the bits. To go from the 2’s complement form back to true 
binary, take the 1’s complement of the 2’s complement number and add | to the least sig- 
nificant bit. 


| | SECTION 2-5 
— PREVIEW 1. Determine the 1’s complement of each binary number: 


(a) 00011010 (b) 11110111 (c) 10001101 
2. Determine the 2's complement of each binary number: | 
(a) 00010110 (b) 11111100  (c) 10010001 | 
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COMPUTER NOTE 





Computers use the 2's 
complement for negative integer 
numbers in all arithmetic 
operations. The reason is that 
subtraction of a number is the 
same as adding the 2’s 
complement of the number. 
Computers form the 2’s 
complement by inverting the bits 
and adding 1, using special 
instructions that produce the same 
result as the adder in Figure 2-3. 


Digital systems, such as the computer, must be able to handle both positive and negative 
numbers. A signed binary number consists of both sign and magnitude information. The 
sign indicates whether a number is positive or negative, and the magnitude is the value 
of the number. There are three forms in which signed integer (whole) numbers can be 
represented in binary: sign-magnitude, 1’s complement, and 2’s complement. Of these, 
the 2’°s complement is the most important and the sign-magnitude is the least used. 
Noninteger and very large or small numbers can be expressed in floating-point format. 


After completing this section, you should be able to 


= Express positive and negative numbers in sign-magnitude ®™ Express positive and 
negative numbers in 1’s complement ®™ Express positive and negative numbers in 2’s 
complement ® Determine the decimal value of signed binary numbers ™ Express a 
binary number in floating-point format 


The Sign Bit 


The left-most bit in a signed binary number is the sign bit, which tells you whether the num- 
ber is positive or negative. 


A 0 sign bit indicates a positive number, and a | sign bit indicates a negative number. 


_Sign-Magnitude Form 


When a signed binary number is represented in sign-magnitude, the left-most bit is the 
sign bit and the remaining bits are the magnitude bits. The magnitude bits are in true (un- 
complemented) binary for both positive and negative numbers. For example, the decimal 
number +25 is expressed as an 8-bit signed binary number using the sign-magnitude 
form as 


00011001 
Sign bit = ae Magnitude bits 


The decimal number —25 is expressed as 
10011001 


Notice that the only difference between +25 and —235 is the sign bit because the magnitude 
bits are in true binary for both positive and negative numbers. 


In the sign-magnitude form, a negative number has the same magnitude bits as 
the corresponding positive number but the sign bit is a 1 rather than a zero. 


1's Complement Form 


Positive numbers in 1’s complement form are represented the same way as the positive sign- 
magnitude numbers. Negative numbers, however, are the 1’s complements of the corre- 
sponding positive numbers. For example, using eight bits, the decimal number —25 is 
expressed as the |’s complement of +25 (00011001) as 


11100110 


In the 1’s complement form, a negative number is the 1’s complement of the 
corresponding positive number. 
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2's Complement Form 


Positive numbers in 2’s complement form are represented the same way as in the sign- 
magnitude and 1’s complement forms. Negative numbers are the 2’s complements of the 
corresponding positive numbers. Again, using eight bits, let’s take decimal number —25 
and express it as the 2’s complement of +25 (00011001). 


11100111 


In the 2’s complement form, a negative number is the 2’s complement of the 
corresponding positive number. 


| EXAMPLE 2-14 
Express the decimal number —39 as an 8-bit number in the sign-magnitude, 1’s 


complement, and 2’s complement forms. 


Solution First, write the 8-bit number for +39. 
00100111 


In the sign-magnitude form, —39 is produced by changing the sign bit to a 1 and 
leaving the magnitude bits as they are. The number is 


10100111 


In the /’s complement form, —39 is produced by taking the 1’s complement of +39 
(00100111). 


11011000 


In the 2’s complement form, —39 is produced by taking the 2’s complement of +39 
(00100111) as follows: 


11011000 1's complement 
ae 
11011001 2's complement 


Related Problem Express + 19 and —19 in sign-magnitude, 1’s complement, and 2’s complement. 





_The Decimal Value of Signed Numbers 


Sign-magnitude Decimal values of positive and negative numbers in the sign-magnitude 
form are determined by summing the weights in all the magnitude bit positions where there 
are 1s and ignoring those positions where there are zeros. The sign is determined by exam- 
ination of the sign bit. 








EXAMPLE 2-15 
Determine the decimal value of this signed binary number expressed in sign- 
magnitude: 10010101. 


Solution The seven magnitude bits and their powers-of-two weights are as follows: 
76 2 94 23 9? 9! 99 
c OO Tne, Oo 4 


63 
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Related Problem 


pe 





: EXAMPLE 2-16 


Solution 


Related Problem 


Summing the weights where there are Is, 
l6--4 +1 =721 


The sign bit is 1; therefore, the decimal number is —21. 


Determine the decimal value of the sign-magnitude number 01110111. 


1‘s Complement Decimal values of positive numbers in the 1’s complement form are de- 
termined by summing the weights in all bit positions where there are 1s and ignoring those 
positions where there are zeros. Decimal values of negative numbers are determined by as- 
signing a negative value to the weight of the sign bit, summing all the weights where there 
are 1s, and adding | to the result. 





Determine the decimal values of the signed binary numbers expressed in 1’s 
complement: 


(a) 00010111 (b) 11101000 


(a) The bits and their powers-of-two weights for the positive number are as follows: 
ee oe ee ee ee 
Bs» Ay lh be el 
Summing the weights where there are Is, 


164+44+2+1=+423 


(b) The bits and their powers-of-two weights for the negative number are as follows. 
Notice that the negative sign bit has a weight of —2’ or — 128. 


yy! eat, Oe OF oe 
Lape 2 Of“ “eaepeey 
Summing the weights where there are Is, 
—128 + 64+ 32+ 8 = —24 


Adding | to the result, the final decimal number is 


-24+1=-23 


Determine the decimal value of the 1’s complement number 11101011. 


ee ee ee 


2‘s Complement Decimal values of positive and negative numbers in the 2’s complement 
form are determined by summing the weights in all bit positions where there are Is and ig- 
noring those positions where there are zeros. The weight of the sign bit in a negative num- 
ber is given a negative value. 


| EXAMPLE 2-17 


Determine the decimal values of the signed binary numbers expressed in 2’s 
complement: 


(a) 01010110 (b) 10101010 
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Solution (a) The bits and their powers-of-two weights for the positive number are as follows: 


2" youre s 2 OF Of 
Paw £8 


Summing the weights where there are |s, 
64+ 16+4+2 = +86 


(b) The bits and their powers-of-two weights for the negative number are as follows. 
Notice that the negative sign bit has a weight of —2’ = —128. 


oF Of PLD Be ghey 
l O ate" OU -— LL. Or eri 0 
Summing the weights where there are Is, 


—128 +322 78 +2 = =—86 


Related Problem Determine the decimal value of the 2’s complement number 11010111. 


From these examples, you can see why the 2’s complement form is preferred for repre- 
senting signed integer numbers: To convert to decimal, it simply requires a summation of 
weights regardless of whether the number is positive or negative. The 1’s complement sys- 
tem requires adding | to the summation of weights for negative numbers but not for posi- 


tive numbers. Also, the_l’s complement form is generally not used because _two 
representations of zero (OQOO00000 or 11111111) are possible. 


Range of Signed Integer Numbers That Can Be Represented 


We have used 8-bit numbers for illustration because the 8-bit grouping is common in most The range of magnitude of a 
computers and has been given the special name byte. With one byte or eight bits, youcan = binary number depends on the 
represent 256 different numbers. With two bytes or sixteen bits, you can represent 65,536 number of bits (n). 

different numbers. With four bytes or 32 bits, you can represent 4.295 x 10° different num- 

bers. The formula for finding the number of different combinations of 7 bits is 


Total combinations = 2” 
For 2’s complement signed numbers, the range of values for n-bit numbers is 
Range = —(2”~') to +(2” ' — 1) 


where in each case there is one sign bit and n — 1 magnitude bits. For example, with four 
bits you can represent numbers in 2’s complement ranging from —(2°) = —8 to 2? — 1 = 
+7. Similarly, with eight bits you can go from — 128 to +127, with sixteen bits you can go 
from —32,768 to +32,767, and so on. 


Floating-Point Numbers 


To represent very large integer (whole) numbers, many bits are required. There is also a 
problem when numbers with both integer and fractional parts, such as 23.5618, need to be 
represented. The floating-point number system, based on scientific notation, is capable of 
representing very large and very small numbers without an increase in the number of bits 
and also for representing numbers that have both integer and fractional components. 

A floating-point number (also known as a real number) consists of two parts plus a 
sign. The mantissa is the part of a floating-point number that represents the magnitude of 
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COMPUTER NOTE 





= 
% 


In addition to the CPU (central _ 


processing unit), computers use 
coprocessors to perform 
complicated mathematical 
calculations using floating-point 
numbers. The purpose is to 
increase performance by freeing 
up the CPU for other tasks. The 
mathematical coprocessor is also 
known as the floating-point unit 


(FPU). 


the number. The exponent is the part of a floating-point number that represents the num- 
ber of places that the decimal point (or binary point) is to be moved. 

A decimal example will be helpful in understanding the basic concept of floating-point 
numbers. Let’s consider a decimal number which, in integer form, is 241,506,800. The 
mantissa is .2415068 and the exponent is 9. When the integer is expressed as a floating- 
point number, it is normalized by moving the decimal point to the left of all the digits so 
that the mantissa is a fractional number and the exponent is the power of ten. The floating- 
point number is written as 


0.2415068 x 10° 


For binary floating-point numbers, the format is defined by ANSIJ/IEEE Standard 754- 
1985 in three forms: single-precision, double-precision, and extended-precision. These all 
have the same basic formats except for the number of bits. Single-precision floating-point 
numbers have 32 bits, double-precision numbers have 64 bits, and extended-precision num- 
bers have 80 bits. We will restrict our discussion to the single-precision floating-point format. 


Single-Precision Floating-Point Binary Numbers In the standard format for a single- 


precision binary number, the sign bit (S) is the left-most bit, the exponent (E) includes the next 
eight bits, and the mantissa or fractional part (F) includes the remaining 23 bits, as shown next. 


s | Exponent (E) Mantissa (fraction, F) | 


| bit 8 bits 23 bits 








In the mantissa or fractional part, the binary point is understood to be to the left of the 
23 bits. Effectively, there are 24 bits in the mantissa because in any binary number the left- 
most (most significant) bit is always a 1. Therefore, this 1 is understood to be there although 
it does not occupy an actual bit position. 

The eight bits in the exponent represent a biased exponent, which is obtained by adding 
127 to the actual exponent. The purpose of the bias is to allow very large or very small num- 
bers without requiring a separate sign bit for the exponents. The biased exponent allows a 
range of actual exponent values from —126 to +128. 

To illustrate how a binary number is expressed in floating-point format, let’s use 
1011010010001 as an example. First, it can be expressed as 1 plus a fractional binary num- 
ber by moving the binary point 12 places to the left and then multiplying by the appropri- 
ate power of two. 


1011010010001 = 1.011010010001 x 2" 


Assuming that this is a positive number, the sign bit (S) is 0. The exponent, 12, is expressed 
as a biased exponent by adding it to 127 (12 + 127 = 139). The biased exponent (E) is ex- 
pressed as the binary number 10001011. The mantissa is the fractional part (F) of the bi- 
nary number, .011010010001. Because there is always a | to the left of the binary point in 
the power-of-two expression, it is not included in the mantissa. The complete floating-point 
number is 


> E F 
| 0 1Q001011 


Next, let’s see how to evaluate a binary number that is already in floating-point format. 
The general approach to determining the value of a floating-point number is expressed by 
the following formula: 


01101001000 100000000000 





Number = (—1)§(1 + F2F 74) 
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To illustrate, let’s consider the following floating-point binary number: 


S E F 


10010001 1000111000 1000000000000 


The sign bit is 1. The biased exponent is 10010001 = 145. Applying the formula, we get 


Number = (—1)'(1.10001110001)(2'*~'*’) 
= (—1)(1.10001110001)(2'*) = —1100011100010000000 


This floating-point binary number is equivalent to —407,688 in decimal. Since the expo- 
nent can be any number between — 126 and +128, extremely large and small numbers can 
be expressed. A 32-bit floating-point number can replace a binary integer number having 
129 bits. Because the exponent determines the position of the binary point, numbers con- 
taining both integer and fractional parts can be represented. 

There are two exceptions to the format for floating-point numbers: The number 0.0 is 
represented by all Os, and infinity is represented by all Is in the exponent and all Os in the 
mantissa. 


, EXAMPLE 2-18 
Convert the decimal number 3.248 x 10* to a single-precision floating-point binary 


number. 


Solution Convert the decimal number to binary. 
3.248 x 10* = 32480 = 111111011100000, = 1.11111011100000 x 2"* 


The MSB will not occupy a bit position because it is always a 1. Therefore, the 
| mantissa is the fractional 23-bit binary number 1111101 1100000000000000 and the 
biased exponent is 


14 + 127 = 141 = 10001101, 


The complete floating-point number is 


0 10001101 | 11111011100000000000000 


Related Problem Determine the binary value of the following floating-point binary number: 


0 10011000 100001000101001 10000000 


ee 





| | SECTION 2-6 | 
_ PREVIEW 1. Express the decimal number +9 as an 8-bit binary number in the sign-magnitude | 


system. 


2. Express the decimal number — 33 as an 8-bit binary number in the 1’s complement 
system. 

3. Express the decimal number —46 as an 8-bit binary number in the 2’s complement 
system. 


4. List the three parts of a signed, floating-point number. 
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Addition of two positive numbers 
yields a positive number. 


Addition of a positive number 
and a smaller negative number 
yields a positive number. 


Addition of a positive number 
and a larger negative number or 
two negative numbers yields a 
negative number in 2's 
complement. 


ARITHMETIC OPERATIONS WITH SIGNED NUMBERS 





In the last section, you learned how signed numbers are represented in three different 
forms. In this section, you will learn how signed numbers are added, subtracted, 
multiplied, and divided. Because the 2’s complement form for representing signed 
numbers is the most widely used in computers and microprocessor-based systems, the 
coverage in this section is limited to 2’s complement arithmetic. The processes covered 
can be extended to the other forms if necessary. 


After completing this section, you should be able to 


= Add signed binary numbers ® Explain how computers add strings of numbers & 
Define overflow ™ Subtract signed binary numbers ® Multiply signed binary numbers 
using the direct addition method ™ Multiply signed binary numbers using the partial 
products method ® Divide signed binary numbers 


Addition 
The two numbers in an addition are the addend and the augend. The result is the sum. 
There are four cases that can occur when two signed binary numbers are added. 

1. Both numbers positive 

2. Positive number with magnitude larger than negative number 

3. Negative number with magnitude larger than positive number 

4. Both numbers negative 


Let’s take one case at a time using 8-bit signed numbers as examples. The equivalent deci- 
mal numbers are shown for reference. 


Both numbers positive: OO0001 11 7 
+ 00000100 + 4 
OQOO01011 1 


The sum is positive and is therefore in true (uncomplemented) binary. 


Positive number with magnitude larger than negative number: 


00001111 IS 
+ 11111010 + =6 
Discard carry————~ 1 00001001 , 


The final carry bit is discarded. The sum is positive and therefore in true (uncomplemented) 
binary. 


Negative number with magnitude larger than positive number: 


00010000 16 
+ 11101000 + —24 
11111000 ni 


The sum is negative and therefore in 2’s complement form. 


Both numbers negative: 


bLELLOLS — 2 
TAG a eee 


Discard carry——> @ 11110010 —14 
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The final carry bit is discarded. The sum is negative and therefore in 2’s complement form. 
In a computer, the negative numbers are stored in 2’s complement form so, as you can see, 
the addition process is very simple: Add the two numbers and discard any final carry bit. 


Overflow Condition When two numbers are added and the number of bits required to 
represent the sum exceeds the number of bits in the two numbers, an overflow results as 
indicated by an incorrect sign bit. An overflow can occur only when both numbers are 
positive or both numbers are negative. The following 8-bit example will illustrate this 


condition. 
01111101 T25 
+ 00111010 + 58 
10110111 183 


Sign incorrect Seek ee tcicriis 5 T 
Magnitude incorrect 
In this example the sum of 183 requires eight magnitude bits. Since there are seven mag- 


nitude bits in the numbers (one bit is the sign), there is a carry into the sign bit which pro- 
duces the overflow indication. 


Numbers Are Added Two ata Time Now let’s look at the addition of a string of numbers, 
added two at a time. This can be accomplished by adding the first two numbers, then adding 
the third number to the sum of the first two, then adding the fourth number to this result, 
and so on. This is how computers add strings of numbers. The addition of numbers taken 
two at a time is illustrated in Example 2-19. 








EXAMPLE 2-19 
Add the signed numbers: 01000100, 00011011, 00001110, and 00010010. 


Solution The equivalent decimal additions are given for reference. 


68 01000100 
+ 2 + OQOOLLOT I Add Ist two numbers 
95 01011111 Ist sum 
of 14. + 00001110 Add 3rd number 
109 01101101 2nd sum 
+ 18 + 00010010 Add 4th number 
127 01111111 Final sum 


Related Problem Add OO110011, 10111111, and 01100011. These are signed numbers. 


Subtraction 


Subtraction is a special case of addition. For example, subtracting +6 (the subtrahend) Subtraction is addition with the 
from +9 (the minuend) is equivalent to adding —6 to +9. Basically, the subtraction oper- _ sign of the subtrahend changed. 
ation changes the sign of the subtrahend and adds it to the minuend. The result of a sub- 

traction is called the difference. 


The sign of a positive or negative binary number is changed by taking its 2’s 
complement. 


For example, when you take the 2’s complement of the positive number 00000100 (+4), 
you get 11111100, which is —4 as the following sum-of-weights evaluation shows: 


—128 + 64+ 32.+16+8+4= —4 
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EXAMPLE 2-20 


Solution 


Related Problem 


Multiplication is equivalent to 
adding a number to itself a 
number of times equal to the 
multiplier. 


As another example, when you take the 2’s complement of the negative number 11101101 
(—19), you get 00010011, which is +19 as the following sum-of-weights evaluation shows: 


16 +2 DP S19 


Since subtraction is simply an addition with the sign of the subtrahend changed, the 
process is stated as follows: 


To subtract two signed numbers, take the 2’s complement of the subtrahend and 
add. Discard any final carry bit. 


Example 2-20 illustrates the subtraction process. 







Perform each of the following subtractions of the signed numbers: 
(a) 00001000 — 00000011 (b) 00001100 — 11110111 
(c) 11100111 — 00010011 (d) 10001000 — 11100010 


Like in other examples, the equivalent decimal subtractions are given for reference. 
(a) In this case, 8 — 3 = 8 + (—3) =5. 


00001000 Minuend (+8) 
ote TLIO 2’s complement of subtrahend (—3) 


Discard carry-———> 1 00000101 Difference (+5) 
(b) In this case, 12 — (—9) = 12+ 9= 21. 


00001100 Minuend (+ 12) 
+ 00001001 2’s complement of subtrahend (+9) 
OOO1LO101 Difference (+21) 
(c) In this case, —25 — (+19) = —235 + (—19) = —44. 
LP TO0F i Minuend (—25) 
“1107101 2’s complement of subtrahend (— 19) 
Discard carry-———> 1 11010100 Difference (—44) 


(d) In this case, —120 — (—30) = —120 + 30 = —90. 


10001000 Minuend (— 120) 
+ 00011110 2’s complement of subtrahend (+30) 
10100110 Difference (— 90) 


Subtract 01000111 from 01011000. 


‘Multiplication 


The numbers in a multiplication are the multiplicand, the multiplier, and the product. 
These are illustrated in the following decimal multiplication: 


8 Multiplicand 
| Multiplier 
24 Product 


The multiplication operation in most computers is accomplished using addition. As you have 
already seen, subtraction is done with an adder; now let’s see how multiplication is done. 
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Direct addition and partial products are two basic methods for performing multiplication 
using addition. In the direct addition method, you add the multiplicand a number of times 
equal to the multiplier. In the previous decimal example (3 x 8), three multiplicands are 
added: 8 + 8 + 8 = 24. The disadvantage of this approach is that it becomes very lengthy 
if the multiplier is a large number. For example, to multiply 75 x 350, you must add 350 to 


itself 75 times. Incidentally, this is why the term times is used to mean multiply. 


When two binary numbers are multiplied, both numbers must be in true (uncomple- 
mented) form. The direct addition method is illustrated in Example 2—21 adding two binary 


numbers at a time. 





| | EXAMPLE 2-21 
| Multiply the signed binary numbers: 01001101 (multiplicand) and 00000100 


| 
| 
| 


(multiplier) using the direct addition method. 


Solution Since both numbers are positive, they are in true form, and the product will be 


positive. The decimal value of the multiplier is 4, so the multiplicand is added to itself 


four times as follows: 


01001101 


+ 01001101 


10011010 


+ QLO01101 


11100111 


+ 01001101 


100110100 


lst time 
2nd time 
Partial sum 
3rd time 
Partial sum 
4th time 
Product 


Since the sign bit of the multiplicand is O, it has no effect on the outcome. All of 


the bits in the product are magnitude bits. 


Related Problem Multiply 01100001 by 00000110 using the direct addition method. 
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The partial products method is perhaps the more common one because it reflects the way 


you multiply longhand. The multiplicand is multiplied by each multiplier digit beginning 
with the least significant digit. The result of the multiplication of the multiplicand by a mul- 
tiplier digit is called a partial product. Each successive partial product is moved (shifted) 
one place to the left and when all the partial products have been produced, they are added 
to get the final product. Here is a decimal example. 


239 Multiplicand 
x 125 Multiplier 
Ti? Ist partial product (3 * 239) 
A478 2nd partial product (2 < 239) 
+ 239 3rd partial product (1 X 239) 
29,397 Final product 


The sign of the product of a multiplication depends on the signs of the multiplicand and 
the multiplier according to the following two rules: 


» If the signs are the same, the product is positive. 
« If the signs are different, the product is negative. 


The basic steps in the partial products method of binary multiplication are as follows: 


Step 1. Determine if the signs of the multiplicand and multiplier are the same or dif- 
ferent. This determines what the sign of the product will be. 


72 #8 


NUMBER SYSTEMS, OPERATIONS, AND CODES 


Step 2. Change any negative number to true (uncomplemented) form. Because most 
computers store negative numbers in 2’s complement, a 2’s complement oper- 
ation is required to get the negative number into true form. 


Step 3. Starting with the least significant multiplier bit, generate the partial products. 
When the multiplier bit is 1, the partial product is the same as the multiplicand. 
When the multiplier bit is 0, the partial product is zero. Shift each successive 


partial product one bit to the left. 


Step 4. Add each successive partial product to the sum of the previous partial products 


to get the final product. 


Step 5. Ifthe sign bit that was determined in step | is negative, take the 2’s complement 
of the product. If positive, leave the product in true form. Attach the sign bit to 


the product. 









EXAMPLE 2-22 









Multiply the signed binary numbers: 01010011 (multiplicand) and 11000101 
(multiplier). 


Step 1: The sign bit of the multiplicand is 0 and the sign bit of the multiplier is 1. 


The sign bit of the product will be 1 (negative). 


Solution 


Step 2: Take the 2’s complement of the multiplier to put it in true form. 
11000101 —~ 00111011 


Steps 3 and 4: The multiplication proceeds as follows. Notice that only the 
magnitude bits are used in these steps. 












Step 5: 


1010011 Multiplicand 
x 0111011 Multiplier 
1010011 Ist partial product 
+ 1010011 2nd partial product 
11111001 Sum of Ist and 2nd 
+ QO00000 3rd partial product 
011111001 Sum 
+ 1010011 4th partial product 
1110010001 Sum 
+ 1010011 5th partial product 
100011000001 Sum 
+ 1010011 6th partial product 
1001100100001 Sum 
+ 0000000 7th partial product 
1001100100001 Final product 


Since the sign of the product is a 1 as determined in step 1, take the 2’s 


complement of the product. 


1001100100001 ———— > 0110011011111 


Attach the sign bit 


+ 1 0110011011111 





Related Problem Verify the multiplication is correct by converting to decimal numbers and performing 
the multiplication. 
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Dp ivision 


The numbers in a division are the dividend, the divisor, and the quotient. These are illus- 
trated in the following standard division format. 


dividend 


- = quotient 
divisor 


The division operation in computers is accomplished using subtraction. Since subtraction 
is done with an adder, division can also be accomplished with an adder. 

The result of a division is called the guotient; the quotient is the number of times that the 
divisor will go into the dividend. This means that the divisor can be subtracted from the div- 
idend a number of times equal to the quotient, as illustrated by dividing 21 by 7. 


21 Dividend 
rau | lst subtraction of divisor 
14 Ist partial remainder 
le 2nd subtraction of divisor 
2 2nd partial remainder 
oe 3rd subtraction of divisor 
0 Zero remainder 


In this simple example, the divisor was subtracted from the dividend three times before a 
remainder of zero was obtained. Therefore, the quotient is 3. 

The sign of the quotient depends on the signs of the dividend and the divisor according 
to the following two rules: 


» If the signs are the same, the quotient is positive. 
» If the signs are different, the quotient is negative. 


When two binary numbers are divided, both numbers must be in true (uncomplemented) 
form. The basic steps in a division process are as follows: 


Step 1. Determine if the signs of the dividend and divisor are the same or different. 
This determines what the sign of the quotient will be. Initialize the quotient to 
Zero. 


Step 2. Subtract the divisor from the dividend using 2’s complement addition to get the 
first partial remainder and add | to the quotient. If this partial remainder is pos- 
itive, go to step 3. If the partial remainder is zero or negative, the division is 
complete. 


Step 3. Subtract the divisor from the partial remainder and add | to the quotient. If the 
result is positive, repeat for the next partial remainder. If the result is zero or 
negative, the division is complete. 


Continue to subtract the divisor from the dividend and the partial remainders until 
there is a zero or a negative result. Count the number of times that the divisor is subtracted 
and you have the quotient. Example 2—23 illustrates these steps using 8-bit signed binary 
numbers. 


| EXAMPLE 2-23 
Divide 01100100 by 00011001. 


Solution Step 1: The signs of both numbers are positive, so the quotient will be positive. The 


quotient is initially zero: OOOOQ000. 
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Step 2: Subtract the divisor from the dividend using 2’s complement addition 
(remember that final carries are discarded). 


01100100 Dividend 
+ 111060111 2’s complement of divisor 
01001011 Positive Ist partial remainder 


Add 1 to quotient: OOOO0000 + OOO00001 = OOO00001. 


Step 3: Subtract the divisor from the Ist partial remainder using 2’s complement 
addition. 


01001011 Ist partial remainder 
4° 111001 TI 2’s complement of divisor 
00110010 Positive 2nd partial remainder 


Step 4: Subtract the divisor from the 2nd partial remainder using 2’s complement 
addition. 


00110010 2nd partial remainder 
+ 11100111 2’s complement of divisor 
00011001 Positive 3rd partial remainder 


Add | to quotient: OO000010 + OO000001 = 00000011. 


Step 5: Subtract the divisor from the 3rd partial remainder using 2’s complement 
addition. 


00011001 3rd partial remainder 
+ Tibor 2’s complement of divisor 
QOOO0000 Zero remainder 


Add 1 to quotient: OO000011 + 00000001 = 00000100 (final quotient). The 
process is complete. 


Related Problem Verify that the process 1s correct by converting to decimal numbers and performing the 
division. 


| [secrion 2-7 | 
| TREVIEW ; | 


j 


List the four cases when numbers are added. 
. Add 00100001 and 10111100. 
. Subtract 00110010 from 01110111. 
. What is the sign of the product when two negative numbers are multiplied? 
. Multiply 01111111 by 00000101. 


. What is the sign of the quotient when a positive number is divided by a negative 
number? 


7. Divide 00110000 by 00001100. 


Ou BWNYN = 
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The hexadecimal number system has sixteen characters; it is used primarily as a 
compact way of displaying or writing binary numbers because it is very easy to convert 
between binary and hexadecimal. As you are probably aware, long binary numbers are 
difficult to read and write because it is easy to drop or transpose a bit. Since computers 
and microprocessors understand only Is and Os, it is necessary to use these digits when 
you program in “machine language.” Imagine writing a sixteen bit instruction for a 
microprocessor system in Is and Os. It is much more efficient to use hexadecimal or 
octal; octal numbers are covered in Section 2—9. Hexadecimal is widely used in 
computer and microprocessor applications. 


After completing this section, you should be able to 


m List the hexadecimal characters ™ Count in hexadecimal ® Convert from binary to 
hexadecimal ™ Convert from hexadecimal to binary ™ Convert from hexadecimal to 
decimal ®™ Convert from decimal to hexadecimal ™ Add hexadecimal numbers ® 
Determine the 2’s complement of a hexadecimal number ®™ Subtract hexadecimal numbers 


The hexadecimal number system has a base of sixteen; that is, it is composed of 16 The hexadecimal number system 
numeric and alphabetic characters. Most digital systems process binary data in groups consists of digits 0—9 and letters 
that are multiples of four bits, making the hexadecimal number very convenient because A-F. 
each hexadecimal digit represents a 4-bit binary number (as listed in Table 2-3). 


@ TABLE 2-3 


DECIMAL BINARY | HEXADECIMAL fe 


0) 0000 0 
1 0001 1 
2 0010 ps 
3 0011 | 
4 0100 4 
5 0101 5 
6 0110 6 
7 O11 7 
8 1000 8 
9 1001 D 
10 1010 A 
Ll 1011 B 
12 1100 C 
13 1101 D 
14 1110 E 
LD 1111 P 





Ten numeric digits and six alphabetic characters make up the hexadecimal number sys- 
tem. The use of letters A, B, C, D, E, and F to represent numbers may seem strange at first, 
but keep in mind that any number system is only a set of sequential symbols. If you under- 
stand what quantities these symbols represent, then the form of the symbols themselves is 
less important once you get accustomed to using them. We will use the subscript 16 to des- 
ignate hexadecimal numbers to avoid confusion with decimal numbers. Sometimes you 
may see an “h” following a hexadecimal number. 
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Counting in Hexadecimal 


COMPUTER NOTE. << How do you count in hexadecimal once you get to F? Simply start over with another col- 
umn and continue as follows: 








With computer memories in the 

gigabyte (GB) range, specifying a 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 1A, 1B, 1C, 1D, 1E, 1F, 20, 21, 22, 23, 24, 

memory address in binary is quite 25,.26;.27,.28,.29, 2A, 2B, 2C, 2D, 2B, 26, 30, 31, «,; ; 

cumbersome. For example, it 

takes 32 bits to specify an address With two hexadecimal digits, you can count up to FF,,, which is decimal 255. To count 

in a 4 GB memory. It is much beyond this, three hexadecimal digits are needed. For instance, 100,, is decimal 256, 101, 

easier to express a 32-bit code is decimal 257, and so forth. The maximum 3-digit hexadecimal number is FFF,., or dec- 

using 8 hexadecimal digits. imal 4095. The maximum 4-digit hexadecimal number is FFFF,,, which is decimal 
65,535. 


_Binary-to-Hexadecimal Conversion 


Converting a binary number to hexadecimal is a straightforward procedure. Simply break 
the binary number into 4-bit groups, starting at the right-most bit and replace each 4-bit 
group with the equivalent hexadecimal symbol. 


| EXAMPLE 2-24 
Convert the following binary numbers to hexadecimal: 


(a) 1100101001010111 (b) 111111000101101001 





Solution (a) 1100101001010111 (b) 00111111000101101001 
boom Lb ve ot Weel 
Cc A 5 % BCher2 3 F 1 6 9 =3F169,, 


Two zeros have been added in part (b) to complete a 4-bit group at the left. 


Related Problem Convert the binary number 1001111011110011100 to hexadecimal. | 





Hexadecimal-to-Binary Conversion 


Hexadecimal isa convenient way To convert from a hexadecimal number to a binary number, reverse the process and replace 
to represent binary numbers. each hexadecimal symbol with the appropriate four bits. 


| EXAMPLE 2-25 
Determine the binary numbers for the following hexadecimal numbers: 


(a) 10A4,;¢ (b) CF8E,, — (€): 997424. 





Solution (a) 1 0 A 4 (ib) ¢ F §$ E fe) DO. J, 84-3 
Lj yu dg Lee mec FL oa 
1000010100100 1100111110001110 1001011101000010 


In part (a), the MSB is understood to have three zeros preceding it, thus forming a 4- 
bit group. 


Related Problem Convert the hexadecimal number 6BD3 to binary. 
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It should be clear that it is much easier to deal with a hexadecimal number than with the Conversion between 
equivalent binary number. Since conversion is so easy, the hexadecimal system is widely hexadecimal and binary is direct 
used for representing binary numbers in programming, printouts, and displays. and easy. 


-Hexadecimal-to-Decimal Conversion 


One way to find the decimal equivalent of a hexadecimal number is to first convert the hexa- 
decimal number to binary and then convert from binary to decimal. 


EXAMPLE 2-26 
Convert the following hexadecimal numbers to decimal: 


(a) 1Ci¢ (b) A856 


Solution Remember, convert the hexadecimal number to binary first, then to decimal. 


ay, Se oe 
ed dl 

(b) A 8 5 
bok ob 


soe ee z 
101010000101 = 2!! + 29+ 27+ 2? + 2° = 2048 + 512+ 128+4+4+ 1 = 2693, 


Related Problem Convert the hexadecimal number 6BD to decimal. 


Another way to convert a hexadecimal number to its decimal equivalent is to multiply 
the decimal value of each hexadecimal digit by its weight and then take the sum of these 
products. The weights of a hexadecimal number are increasing powers of 16 (from right to 
left). For a 4-digit hexadecimal number, the weights are 

16° le 16° 16 
4096 256 16 = 1 


EXAMPLE 2-27 
Convert the following hexadecimal numbers to decimal: 


(a) E5,, (b) B2F8\, 





Solution Recall from Table 2—3 that letters A through F represent decimal numbers 10 through 
15, respectively. 


(a) E5i¢ = (EX 16) + (5X 1) = (14x 16) + (5x1) = 224+ 5 = 229, 


(b) B2F8,, = (B X 4096) + (2 X 256) + (FX 16) + (8 X 1) 
(11 X 4096) + (2 X 256) + (15 X 16) + (8 X 1) 
45056 + $12 + WO 4+ 8 =45,816,, 


Related Problem Convert 60Aj¢ to decimal. 
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| EXAMPLE 2-28 


Solution 


Related Problem 


Powers of 16 


Example Find the value of 16”. 


TI-86 Step1. {] © 


Step2. 


TI-36X Stepl. § G@ 
Step 2. §& [=] 





-Decimal-to-Hexadecimal Conversion 


Repeated division of a decimal number by 16 will produce the equivalent hexadecimal 
number, formed by the remainders of the divisions. The first remainder produced is the least 
significant digit (LSD). Each successive division by 16 yields a remainder that becomes a 
digit in the equivalent hexadecimal number. This procedure is similar to repeated division 
by 2 for decimal-to-binary conversion that was covered in Section 2—3. Example 2-28 il- 
lustrates the procedure. Note that when a quotient has a fractional part, the fractional part 
is multiplied by the divisor to get the remainder. 


oe 


Convert the decimal number 650 to hexadecimal by repeated division by 16. 


Hexadecimal 
remainder 


ON 


5 


a6 ee >0.625 x 16=10= A 
243-05 X16=-8= & 
125.—_0.125 K 16=2= 2 

a | 


L 


i 


aa 
i) 


rT 
| 


ON 


Stop when whole number 2 8 A Hexadecimal number 
uotient is zero. 
a MSD 2 a LSD 


Convert decimal 2591 to hexadecimal. 





-Hexadecimal Addition 


Addition can be done directly with hexadecimal numbers by remembering that the hexa- 
decimal digits 0 through 9 are equivalent to decimal digits 0 through 9 and that hexadeci- 
mal digits A through F are equivalent to decimal numbers 10 through 15. When adding two 
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hexadecimal numbers, use the following rules. (Decimal numbers are indicated by a sub- 
script 10.) 


1. In any given column of an addition problem, think of the two hexadecimal digits 
in terms of their decimal values. For instance, 5;, = 5;. and Cyg = 12y0. 


2. If the sum of these two digits is 15,,) or less, bring down the corresponding A calculator can be used to 
hexadecimal digit. perform arithmetic operations 


3. If the sum of these two digits is greater than 15,,, bring down the amount of the with hexadecimal numbers. 


sum that exceeds 16,9 and carry a | to the next column. 


Conversion of a Decimal Number to a Hexadecimal Number 


Example Convert decimal 650 to hexadecimal. 


BASE 


TI-86 Step1. EY @ 
Step2. @ BB @ 


Step 3. ie) Saeadaee CONV Mzlele eee -yag 


Step 4. >Bin|>Hex |» Oct |PDec 


DEC 


Step 1. LEE | 
Step22 8 BO 


HEX 


Step 3. Ld 


cc cr cc cc 
[exam 2-29 | 
Add the following hexadecimal numbers: 


(a) 23:6 + 164. (b) 5816 + 2246 (c) 2Big + 8446 (d) DFig + ACy 





Solution (a) 2316 right column: 316 — 616 = 310 od 610 = 910 = 916 


+1646 left column: = 2)¢ + 1lyg = 249 + lio = 310 = 316 
39 6 
(b) 5816 right column: 816 + 216 = 819 + 219 = 1019 = Ajg 
Zang left column: 546 + 216 = 5i9 + 219 = 710 = 716 
TA4¢6 
(c) 2Bi¢ right column: Big + 446 = lig + 440 = 1519 = Fig | 
+ 8416 left column: 216 + 846 = 219 + 819 = 10,9 = Aye 
AF 16 
(d) DFy  rightcolumn: Fy + Cyg = 1549 + 12,9 = 2719 
+ ACi6 2719 — 16:9 = L119 = Big with a 1 carry | 


18B i, left column: Dyg + Aye + lig = 1319 + 1019 + Lio = 2419 
2419 — 16:9 = 819 = 816 with a 1 carry 


Related Problem Add 4Cj¢ and 3A ¢. 
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~Hexadecimal Subtraction 


As you have learned, the 2’s complement allows you to subtract by adding binary numbers. 
Since a hexadecimal number can be used to represent a binary number, it can also be used 
to represent the 2’s complement of a binary number. 

There are three ways to get the 2’s complement of a hexadecimal number. Method | is 
the most common and easiest to use. Methods 2 and 3 are alternate methods. 


Method 1. —- Convert the hexadecimal number to binary. Take the 2’s complement of 
the binary number. Convert the result to hexadecimal. This is illustrated 


in Figure 2-4. 


2’s complement : 2’s complement 


Hexadecimal | uss 
in binary in hexadecimal 





Example: 


oe Be SS ae 


00101010 11010110 





A FIGURE 2-4 


Getting the 2’s complement of a hexadecimal number, Method 1. 


Method 2. Subtract the hexadecimal number from the maximum hexadecimal num- 
ber and add 1. This is illustrated in Figure 2—5. 


1’s complement 


: f Subtract from. 2’s complement 
Hexadecimal fF : in hexadecimal 
maximum in hexadecimal 





Example: 





& FIGURE 2-5 


Getting the 2’s complement of a hexadecimal number, Method 2. 


Method 3. Write the sequence of single hexadecimal digits. Write the sequence in 
reverse below the forward sequence. The 1’s complement of each hex 
digit is the digit directly below it. Add 1| to the resulting number to get the 
2’s complement. This is illustrated in Figure 2-6. 
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: : 1’s complement 
Hexadecimal fF F in hexadecimal 
: : plus | 


2’s complement 


in hexadecimal 





Example: 





A FIGURE 2-6 


Getting the 2’s complement of a hexadecimal number, Method 3. 


EXAMPLE 2-30 
Subtract the following hexadecimal numbers: 


(a) 8416 — 2Aj6 (b) C315 — OBis 


Solution (a) 2A,. = 00101010 
2’s complement of 2A,, = 11010110 = D6,, — (using Method 1) 


| 
i 
| 
84,4 


+ D646 Add 
i 5 Ave Drop carry, as in 2’s complement addition 


The difference is 5Aj¢. 


2’s complement of 0B,, = 11110101 = F5,, (using Method 1) 


C35 
+F5.,¢ Add 


TB8 46 Drop carry 
The difference is B8,. 


Related Problem Subtract 173,¢ from BCD,¢. 


| | SECTION 2-8 | 
| REVIEW 1. Convert the following binary numbers to hexadecimal: 


(a) 10110011 (b) 110011101000 
2. Convert the following hexadecimal numbers to binary: 
| (a) 5746 (b) 3A5 16 (c) F80Bi 6 
| 3. Convert 9B30,, to decimal. 

4. Convert the decimal number 573 to hexadecimal. 

| 3. Add the following hexadecimal numbers directly: 
| (a) 1816 + 3446 (b) Fig + 2A 
| 6. Subtract the following hexadecimal numbers: 


(a) 151g 7 CMe (b) 74,7 8Ci, 
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The octal number system has a 


base of 8. 


ea octaAt NUMBERS 


Like the hexadecimal number system, the octal number system provides a convenient 
way to express binary numbers and codes. However, it is used less frequently than 
hexadecimal in conjunction with computers and microprocessors to express binary 
quantities for input and output purposes. 


After completing this section, you should be able to 


= Write the digits of the octal number system ® Convert from octal to decimal ™ Convert 
from decimal to octal ™ Convert from octal to binary ®™ Convert from binary to octal 


The octal number system is composed of eight digits, which are 
0), Ly 22 SE ty BT 
To count above 7, begin another column and start over: 
FO, tigi? 43. P15, 06, 17520; 24,5. 


Counting in octal is similar to counting in decimal, except that the digits 8 and 9 are not used. 
To distinguish octal numbers from decimal numbers or hexadecimal numbers, we will use the 
subscript 8 to indicate an octal number. For instance, 15, in octal is equivalent to 13,9 in decimal 


66,99 


and D in hexadecimal. Sometimes you may see an “‘o” or a “Q” following an octal number. 


-Octal-to-Decimal Conversion 


Since the octal number system has a base of eight, each successive digit position is an in- 
creasing power of eight, beginning in the right-most column with 8°. The evaluation of an 
octal number in terms of its decimal equivalent is accomplished by multiplying each digit 
by its weight and summing the products, as illustrated here for 2374. 


Weight: 8° 8° 8' 8° 
Octal number: 2 3 7 4 
2374, = (2 x 8°) + (3 x 87) + (7 x 8') + (4 x 8°) 
(2 *% 312) + G X64) + (07 X 8) + (4X 1) 
10224 + 192 + 56 + 4 = 1276: 


-Decimal-to-Octal Conversion 


A method of converting a decimal number to an octal number is the repeated division-by- 
8 method, which is similar to the method used in the conversion of decimal numbers to bi- 
nary or to hexadecimal. To show how it works, let’s convert the decimal number 359 to 
octal. Each successive division by 8 yields a remainder that becomes a digit in the equiva- 
lent octal number. The first remainder generated is the least significant digit (LSD). 


Remainder 
359 
ra = 44 875 — 0.875 X 8 = 7 


44 
= 305. X83 = 8 


= 0.625 — 0.625 X 8= 5 | 


Stop when whole number 5 4 7 Octal number 
quotient is zero 
airs usp! Lusp 


co | 
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Conversion of a Decimal Number to an Octal Number 


Example Convert decimal 439 to octal. 


439 > Oct 


BASE 


TI-86 © Step1. GO & | 
Step2. GOB | A-F TYPE BOOL BIT | 
Step3. > Bin |>Hex |» Oct |» Dec 
Sten: Sete 2 es a eee 
DEC 
TI-36X Step1. (__] [EE] 
Step2. 8 8G 


OCT 


Step 3. [| 





_Octal-to-Binary Conversion 


Because each octal digit can be represented by a 3-bit binary number, it is very easy to con- Octal is a convenient way to 

vert from octal to binary. Each octal digit is represented by three bits as shown in Table 24. _ represent binary numbers, but it 
is not as commonly used as 

Vv TABLE 2-4 hexadecimal. 


Octal/binary conversion. 
OCTAL DIGIT 0 l - 3 4 5 6 On 
BINARY 000 001 010 O11 100 101 110 111 | 


To convert an octal number to a binary number, simply replace each octal digit with the 
appropriate three bits. 


i EXAMPLE 2-31 
Convert each of the following octal numbers to binary: 


(a) 13 (b) 25. (c) 140, (d) 7526, 













Solution (a) 1 3 (b) 2 5 @ 14 0 (dy) 75 2 6 
L J + J Lid Lid 
001011 010101 001100000 111101010110 


Related Problem Convert each of the binary numbers to decimal and verify that each value agrees with 
the decimal value of the corresponding octal number. 


_Binary-to-Octal Conversion 


Conversion of a binary number to an octal number is the reverse of the octal-to-binary con- 
version. The procedure is as follows: Start with the right-most group of three bits and, mov- 
ing from right to left, convert each 3-bit group to the equivalent octal digit. If there are not 
three bits available for the left-most group, add either one or two zeros to make a complete 
group. These leading zeros do not affect the value of the binary number. 
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| EXAMPLE 2-32 
Convert each of the following binary numbers to octal: 


(a) 110101 (b) 101111001 (c) 100110011010 (d) 11010000100 





Solution (a) 110101 (b) 101111001 
dt ell im oa 
6 5= 65; 5 7 1=571, 
(c) 100110011010 (d) 011010000100 
Le a eee 
4 6 3 2= 4632, 320 4=3204, 


Related Problem Convert the binary number 1010101000111110010 to octal. 


| | SECTION 2-9 
 T review 1. Convert the following octal numbers to decimal: 


| (a) 73, --(b)125, 

2. Convert the following decimal numbers to octal: 
(a) 9819 (b) 16319 

3. Convert the following octal numbers to binary: 
(a) 46, (b) 723, (c) 5624, 

| 4. Convert the following binary numbers to octal: | 

| (a) 110101111 (b) 1001100010 (c) 10111111001 | 


"22707 BINARY CODED DECIMAL (BCD) 


Binary coded decimal (BCD) is a way to express each of the decimal digits with a 
binary code. There are only ten code groups in the BCD system, so it is very easy to 
convert between decimal and BCD. Because we like to read and write in decimal, the 
BCD code provides an excellent interface to binary systems. Examples of such 
interfaces are keypad inputs and digital readouts. 


After completing this section, you should be able to 


= Convert each decimal digit to BCD ™ Express decimal numbers in BCD ® Convert 
from BCD to decimal ® Add BCD numbers 


The 8421 Code 


In BCD, 4 bits represent each The 8421 code is a type of BCD (binary coded decimal) code. Binary coded decimal 

decimal digit. means that each decimal digit, 0 through 9, is represented by a binary code of four bits. 
The designation 8421 indicates the binary weights of the four bits (2°, 2°. 2! 9%). The ease 
of conversion between 8421 code numbers and the familiar decimal numbers is the main 
advantage of this code. All you have to remember are the ten binary combinations that 
represent the ten decimal digits as shown in Table 2-5. The 8421 code is the predominant 
BCD code, and when we refer to BCD, we always mean the 8421 code unless otherwise 
stated. 


BINARY CODED DECIMAL (BCD) = 85 


“« TABLE 2-5 


Naame 9 1t1 2 3 4 %55 6 ee arn. 
__Decimal/BCD conversion. 
5 BD 0000 0001 O010 OO11 O100 O101 O110 O111 1000 1001 





Invalid Codes You should realize that, with four bits, sixteen numbers (0000 through 
1111) can be represented but that, in the 8421 code, only ten of these are used. The six code 
combinations that are not used—1010, 1011, 1100, 1101, 1110, and 1111—are invalid in 
the 8421 BCD code. 





To express any decimal number in BCD, simply replace each decimal digit with the ap- 
propriate 4-bit code, as shown by Example 2-33. 


EXAMPLE 2-33 
Convert each of the following decimal numbers to BCD: 


(a) 35 (b) 98 (c) 170 (d) 2469 


Solution (a) 3 £5 (b) 9 8 
ko i s 4 
00110101 10011000 
fi | Fo i) 2 4% 6's 
bt wb 4 Pek + 4 
000101110000 0010010001101001 


Related Problem Convert the decimal number 9673 to BCD. 


It is equally easy to determine a decimal number from a BCD number. Start at the right- 
most bit and break the code into groups of four bits. Then write the decimal digit repre- 
sented by each 4-bit group. 


, EXAMPLE 2-34 
Convert each of the following BCD codes to decimal: 


(a) 10000110 (b) 001101010001 (ec) 1001010001110000 


Solution (a) 10000110 (b) 001101010001 (c) 1001010001110000 


ere i. 


j iL 
8 6 a & fF > ¢ Ff 6 


Related Problem Convert the BCD code 10000010001001110110 to decimal. 





BCD Addition 


BCD is a numerical code and can be used in arithmetic operations. Addition is the most 
important operation because the other three operations (subtraction, multiplication, and 
division) can be accomplished by the use of addition. Here is how to add two BCD 
numbers: 


Step 1. Add the two BCD numbers, using the rules for binary addition in Section 2-4. 
Step 2. Ifa 4-bit sum is equal to or less than 9, it is a valid BCD number. 
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Step 3. If a4-bit sum is greater than 9, or if a carry out of the 4-bit group is generated, 
it is an invalid result. Add 6 (0110) to the 4-bit sum in order to skip the six in- 
valid states and return the code to 8421. If a carry results when 6 is added, sim- 
ply add the carry to the next 4-bit group. 


Example 2—35 illustrates BCD additions in which the sum in each 4-bit column is equal 
to or less than 9, and the 4-bit sums are therefore valid BCD numbers. Example 2—36 il- 
lustrates the procedure in the case of invalid sums (greater than 9 or a carry). 









EXAMPLE 2-35 
Add the following BCD numbers: 


(a) 0011 + 0100 (b) 00100011 + 00010101 
(c) 10000110 + 00010011 (d) 010001010000 + 010000010111 















Solution The decimal number additions are shown for comparison. 


(a) OO11 &. (b) 0010 OO11 pie 
+ 0100 +4 + 0001 0101 a JS 
0111 7 0011 1000 38 
(c) 1000 O110 86 (d) O100 O101 0000 450 
+ 0001 O01] aks + 0100 0001 O111 + 417 
1001 1001 99 1000 0110 O111 867 


Note that in each case the sum in any 4-bit column does not exceed 9, and the results 
are valid BCD numbers. 





Related Problem Add the BCD numbers: 1001000001000011 + 0000100100100101. 


| EXAMPLE 2-36 
Add the following BCD numbers 


(a) 1001 + 0100 (b) 1001 + 1001 
(c) 00010110 + 00010101 (d) 01100111 + 01010011 


Solution The decimal number additions are shown for comparison. 


(a) 1001 
+ 0100 a 
1101 Invalid BCD number (>9) 13 
+ 0110 Add 6 
0001 0011 Valid BCD number 


- oO 


J y 

| 3 
(b) 1001 9 
+ 1001 +9 


| 0010 Invalid because of carry 18 
+0110 Add 6 
0001 1000 Valid BCD number 


DIGITAL CODES 


(c) 0001 0110 
+ 0001 0101 + 15 
0010 1011 Right group is invalid (>9), 3] 
left group is valid. 
+ 0110 Add 6 to invalid code. Add 
carry, 0001, to next group. 
0011 0001 Valid BCD number 
J J 
3 ] 
(d) 0110 O111 67 
+ 0101 0011 +53 
1011 1010 Both groups are invalid (>9) 120 
+ 0110 + O110 Add 6 to both groups 
0001 0010 0000 = Valid BCD number 
L J J 
1 2 0 


Related Problem Add the BCD numbers: 01001000 + 00110100. 





| [section 2-10 
[REVIEW 





1. What is the binary weight of each 1 in the following BCD numbers? 
(a) 0010 (b) 1000 (c) 0001 (d) 0100 

2. Convert the following decimal numbers to BCD: 
(a) 6 (b) 15 (c) 273 (d) 849 

3. What decimal numbers are represented by each BCD code? 
(a) 10001001 (b) 001001111000 (c) 000101010111 

4. In BCD addition, when is a 4-bit sum invalid? 
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Many specialized codes are used in digital systems. You have just learned about the BCD 
code; now let’s look at a few others. Some codes are strictly numeric, like BCD, and 
others are alphanumeric; that is, they are used to represent numbers, letters, symbols, and 
instructions. The codes introduced in this section are the Gray code and the ASCII code. 


After completing this section, you should be able to 


= Explain the advantage of the Gray code ® Convert between Gray code and binary 


= Use the ASCII code 


The Gray Code 


The Gray code is unweighted and is not an arithmetic code; that is, there are no specific 
weights assigned to the bit positions. The important feature of the Gray code is that it ex- 
hibits only a single bit change from one code word to the next in sequence. This property is 
important in many applications, such as shaft position encoders, where error susceptibility 
increases with the number of bit changes between adjacent numbers in a sequence. 


The single bit change 


characteristic of the Gray code 


minimizes the chance for error. 
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Table 2-6 is a listing of the 4-bit Gray code for decimal numbers 0 through 15. Binary 
numbers are shown in the table for reference. Like binary numbers, the Gray code can 
have any number of bits. Notice the single-bit change between successive Gray code 
words. For instance, in going from decimal 3 to decimal 4, the Gray code changes from 
0010 to 0110, while the binary code changes from 0011 to 0100, a change of three bits. 
The only bit change is in the third bit from the right in the Gray code; the others remain 
the same. 


» TABLE 2-6 


DECIMAL BINARY GRAY CODE | DECIMAL BINARY GRAY CODE 


Four-bit Gray code. 





Binary-to-Gray Code Conversion Conversion between binary code and Gray code is 
sometimes useful. The following rules explain how to convert from a binary number to a 
Gray code word: 


1. The most significant bit (left-most) in the Gray code is the same as the 
corresponding MSB in the binary number. 


2. Going from left to right, add each adjacent pair of binary code bits to get the next 
Gray code bit. Discard carries. 


For example, the conversion of the binary number 10110 to Gray code is as follows: 


fee Gia de a ae aie aoe Pe a Binary 
) J + + + 
l l 0 i Gray 


The Gray code is 11101. 


Gray-to-Binary Conversion To convert from Gray code to binary, use a similar method; 
however, there are some differences. The following rules apply: 


1. The most significant bit (left-most) in the binary code is the same as the 
corresponding bit in the Gray code. 


2. Add each binary code bit generated to the Gray code bit in the next adjacent 
position. Discard carries. 


For example, the conversion of the Gray code word 11011 to binary is as follows: 


l 5 z 0 im Ye! I Gray 
1 + Lt a: Lot a 
| 0 0 1 0 Binary 


The binary number is 10010. 
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EXAMPLE 2-37 
(a) Convert the binary number 11000110 to Gray code. 
(b) Convert the Gray code 10101111 to binary. 


Solution (a) Binary to Gray code: 


I-+—>1-+—0-+—0-+ > 0-+ > 1-+-1-+->0 


1 1 J J y J J J 


1 0 1 0 0 1 0 1 
(b) Gray code to binary: 


0 
ae 
i 


1 1 
5 : oe b 
0 0 


Related Problem (a) Convert binary 101101 to Gray code. (b) Convert Gray code 100111 to binary. 





_An Application 


A simplified diagram of a 3-bit shaft position encoder mechanism is shown in Figure 2-7. 
Basically, there are three concentric conductive rings that are segmented into eight sectors. 
The more sectors there are, the more accurately the position can be represented, but we are 
using only eight for purposes of illustration. Each sector of each ring is fixed at either a 
high-level or a low-level voltage to represent 1s and Os. A | is indicated by a color sector 
and a 0 by a white sector. As the rings rotate with the shaft, they make contact with a brush 
arrangement that is in a fixed position and to which output lines are connected. As the shaft 
rotates counterclockwise through 360°, the eight sectors move past the three brushes pro- 
ducing a 3-bit binary output that indicates the shaft position. 


Contact brushes in a fixed 
position slide along the surface 
of the rotating conductive rings 


3-bit 
Gray 
code 





(a) Binary (b) Gray code 
A FIGURE 2-7 


A simplified illustration of how the Gray code solves the error problem in shaft position encoders. 
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COMPUTER NOTE 


A computer keyboard has a 
dedicated microprocessor that 
constantly scans keyboard circuits 
to detect when a key has been 
pressed and released. A unique 
scan code is produced by 
computer software representing 
that particular key. The scan code 
is then converted to an 
alphanumeric code (ASCII) for use 
by the computer. 


In Figure 2—7(a), the sectors are arranged in a straight binary pattern, so that the brushes 
go from 000 to 001 to 010 to 011, and so on. When the brushes are on color sectors, they 
output a | and when on white sectors, they output a 0. If one brush is slightly ahead of the 
others during the transition from one sector to the next, an erroneous output can occur. Con- 
sider what happens when the brushes are on the 111 sector and about to enter the 000 sec- 
tor. If the MSB brush is slightly ahead, the position would be incorrectly indicated by a 
transitional 011 instead of a 111 or a OOO. In this type of application, it is virtually impos- 
sible to maintain precise mechanical alignment of all the brushes; therefore, some error will 
always occur at many of the transitions between sectors. 

The Gray code is used to eliminate the error problem which is inherent in the binary 
code. As shown in Figure 2—7(b), the Gray code assures that only one bit will change be- 
tween adjacent sectors. This means that even though the brushes may not be in precise 
alignment, there will never be a transitional error. For example, let’s again consider what 
happens when the brushes are on the 111 sector and about to move into the next sector, 101. 
The only two possible outputs during the transition are 111 and 101, no matter how the 
brushes are aligned. A similar situation occurs at the transitions between each of the other 
sectors. 


Alphanumeric Codes 


In order to communicate, you need not only numbers, but also letters and other symbols. In 
the strictest sense, alphanumeric codes are codes that represent numbers and alphabetic 
characters (letters). Most such codes, however, also represent other characters such as sym- 
bols and various instructions necessary for conveying information. 

At a minimum, an alphanumeric code must represent 10 decimal digits and 26 letters of 
the alphabet, for a total of 36 items. This number requires six bits in each code combina- 
tion because five bits are insufficient (2° = 32). There are 64 total combinations of six bits, 
so there are 28 unused code combinations. Obviously, in many applications, symbols other 
than just numbers and letters are necessary to communicate completely. You need spaces, 
periods, colons, semicolons, question marks, etc. You also need instructions to tell the re- 
ceiving system what to do with the information. With codes that are six bits long, you can 
handle decimal numbers, the alphabet, and 28 other symbols. This should give you an idea 
of the requirements for a basic alphanumeric code. The ASCII is the most common al- 
phanumeric code and is covered next. 


ASCII 


ASCII is the abbreviation for American Standard Code for Information Interchange. Pro- 
nounced “askee,’ ASCII is a universally accepted alphanumeric code used in most com- 
puters and other electronic equipment. Most computer keyboards are standardized with the 
ASCII. When you enter a letter, a number, or control command, the corresponding ASCII 
code goes into the computer. 

ASCII has 128 characters and symbols represented by a 7-bit binary code. Actually, 
ASCII can be considered an 8-bit code with the MSB always 0. This 8-bit code is 00 through 
7F in hexadecimal. The first thirty-two ASCII characters are nongraphic commands that are 
never printed or displayed and are used only for control purposes. Examples of the control 
characters are “null,” “line feed,” “start of text,’ and “escape.” The other characters are 
graphic symbols that can be printed or displayed and include the letters of the alphabet (low- 
ercase and uppercase), the ten decimal digits, punctuation signs and other commonly used 
symbols. 

Table 2-7 is a listing of the ASCII code showing the decimal, hexadecimal, and binary 
representations for each character and symbol. The left section of the table lists the names 
of the 32 control characters (00 through 1F hexadecimal). The graphic symbols are listed 
in the rest of the table (20 through 7F hexadecimal). 
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Solution 


Related Problem 
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| EXAMPLE 2-38 





Determine the binary ASCII codes that are entered from the computer’s keyboard 
when the following BASIC program statement is typed in. Also express each code in 
hexadecimal. 


20 PRINT “A=";X 


The ASCII code for each symbol is found in Table 2-7. 


Symbol Binary Hexadecimal 
Z. 0110010 3216 
0 0110000 3016 
Space 0100000 2016 


P 1010000 50g 
R 1010010 52, 
I 1001001 49, 
N 1001110 = 4B, 
i 1010100 544g 


Space 0100000 2016 
‘i 0100010 2216 
A 1000001 Alice 


= 0111101 3Dic 
: 0100010 es 
; 0111011 3B 
x 1011000 586 


Determine the sequence of ASCII codes required for the following program statement 
and express them in hexadecimal: 


80 INPUT Y 


The ASCII Control Characters The first thirty-two codes in the ASCII table (Table 2-7) 
represent the control characters. These are used to allow devices such as a computer and 
printer to communicate with each other when passing information and data. Table 2-8 lists 
the control characters and the control key function that allows them to be entered directly 
from an ASCII keyboard by pressing the control key (CTRL) and the corresponding sym- 
bol. A brief description of each control character is also given. 





_ Extended ASCII Characters 


Soo 


In addition to the 128 standard ASCII characters, there are an additional 128 characters that 
were adopted by IBM for use in their PCs (personal computers). Because of the popularity 
of the PC, these particular extended ASCII characters are also used in applications other 
than PCs and have become essentially an unofficial standard. 

The extended ASCII characters are represented by an 8-bit code series from hexadeci- 
mal 80 to hexadecimal FF. 
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“« TABLE 2-8 

NIE DESI PE Cee) ASCII control characters. 

NUL 0 OO CTRL @ null character 

SOH 1 Ol CTRLA start of header 

SIX 2 02 CTRL B start of text 

ETX. 3 03 CIRLC end of text 

EOT 4 04 CIRED end of transmission 

ENQ 5 05 CIRLE enquire 

ACK 6 06 CIRLE acknowledge 

BEL d O7 CIRLG bell 

BS 8 08 CTRL H backspace 

HE 9 09 CIRL I horizontal tab 

LF 10 OA CURL J line feed 

VI li OB CIRL K vertical tab 

FF [2 OC CIRLE form feed (new page) 

CR 1D OD CTRL M carriage return 

SO 14 OE CTRL N shift out 

SI 15 OF CIRL O shift in 

DLE 16 10 CER P data link escape 

DC1 17 1] CIRL © device control | 

DC2 18 12 CIEL R device control 2 

DC3 19 13 CIRLS device control 3 

DC4 20 14 CIRL | device control 4 

NAK ZA Ly CTRL U negative acknowledge 

SYN 22 16 CIRL Vv synchronize 

EIB 23 17 CIRL W end of transmission block 

CAN 24 18 CTRL X cancel 

EM 25 19 CTRL Y end of medium 

SUB 26 1A CrRE 7 substitute 

ESC 27 1B CRE | escape 

BS 28 1C CIRL / file separator 

GS 29 1D CTRL ] group separator 

RS 30 LE CERLA” record separator 

Us aI 1F CIRL . unit separator 





The extended ASCII contains characters in the following general categories: 


1. 
De 
3 
4. 
5. 
6 

7 


Foreign (non-English) alphabetic characters 
Foreign currency symbols 

Greek letters 

Mathematical symbols 

Drawing characters 

. Bar graphing characters 


. Shading characters 


Table 2—9 is a list of the extended ASCII character set with the decimal and hexadecimal 
representations. 
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VY TABLE 2-9 
Extended ASCII characters. 


SYMBOL DEC HEX | SYMBOL DEC HEX | SYMBOL SYMBOL 





224 E0 














6 128) 780 A 160 AO L 12 «CO ou 

i 191 81 i 61 Al me 9s Cl B 295. Fl 

é 130-82 6 162 2 - 104 r 226 ~=«=E2 
4 13h) 2 88 ti 163 AB t is G3 7 297 2 EB 
i 152 S/R i 164 A4 = 196 C4 > 228 «EA 
a 133 85 N 165° AS ae 197 265 o 229 BD 
4 134 = 86 a 166 A6 E 108 G6 lL 230 6 
¢ ice Week, 0 16) AT i 199 C7 : i BT 
é 367) 88 : 168°) AB LL 200. C8 ® 222. 8 
é 37) 8o - 169 Ad ee 201. Co C) 233. «BO 
é [eg - 170 AA a 2 CA QO 234 BA 
i 139-85 1 iA AB = 203: CB 8 235 +~EB 
i 140 8C ! 72 AC I D4 CC 20 236 EC 
i 144i ee 8D , 173° AD = 205 CD © 237° ED 
A 14g ce BE . 174 AE 1 206 «CE € 238 EE 
A 143. -8F : 115. OAR ae 207 1 0CR n 239. «EF 
£ 144 90 176 BO Lips 208 DO = 240 ~~FO 

“e 45 81 | 1 Bd = 209 4. Di = 241 *Fil 

E 146 92 a 78) i a 210 De > 4) 

6 72 8) | 179 BB We 14° DB < 243. «FB 

6 148 94 = 180 B4 o 20 pa i 244 FA 

. 14995 = 181 BS = 218: DS J 245 FS 

" 150% 4 (825. BG i 214 D6 2 246 © -F6 
rT i 0) a 183.3 BT { 216-22 Di ~ 247 7] 

j 152 08 2 184 BB = 216° D8 : 248 ~=«*F8 

O 153)).0, 99 : 185). Bo 4 211, 9 ° 249 FO 

U 154) OA | 186 BA os 218 DA 250 FA 
¢ 155 OR 2 i187, BB A 219 DB 7 251 FB 
£ 56. 9C - 188 Be 2 236 “De n 252 BC 
¥ 157 9D = 189; BD { 221 DD 2 253 =. ED 
Pr 158 9E = 190 BE i 2 ODE B 254 FE 
f 159 OF & 191 ‘BE a 223. «DE o 255 FF 


(a) 1100 (b) 1010 (c) 11010 
2. Convert the following Gray codes to binary: 
(a) 1000 (b) 1010 (c) 11101 


3. What is the ASCII representation for each of the following characters? Express each 
as a bit pattern and in hexadecimal notation. 


(a) kK (byte fe) Ss (dS 


_ | SECTION 2-11 
| REVIEW 1. Convert the following binary numbers to the Gray code: 


ERROR DETECTION AND CORRECTION CODES & 95 





ERROR DETECTION AND CORRECTION CODES 


In this section, two methods for adding bits to codes to either detect a single-bit error or 
detect and correct a single-bit error are discussed. The parity method of error detection is. . 
introduced, and the Hamming method of single-error detection and correction is covered. 
When a bit in a given code word is found to be in error, it can be corrected by simply 
inverting it. 


After completing this section, you should be able to 


=m Determine if there is an error in a code based on the parity bit ™ Assign the proper 
parity bit toa code ™ Use the Hamming code for single-error detection and correction ® 
Assign the proper parity bits for single-error correction 


Parity Method for Error Detection 


Many systems use a parity bit as a means for bit error detection. Any group of bits contain A parity bit tells if the number of 
either an even or an odd number of Is. A parity bit is attached to a group of bits to make the 1s is odd or even. 
total number of 1s in a group always even or always odd. An even parity bit makes the to- 
tal number of 1s even, and an odd parity bit makes the total odd. 
A given system operates with even or odd parity, but not both. For instance, if a system 
operates with even parity, a check is made on each group of bits recetved to make sure the 
total number of 1s in that group is even. If there is an odd number of Is, an error has occurred. 
As an illustration of how parity bits are attached to a code, Table 2—10 lists the parity bits 
for each BCD number for both even and odd parity. The parity bit for each BCD number is 
in the P column. 


. « TABLE 2-10 
EVEN PARITY ODD PARITY 


BCD BCD The BCD code with parity bits. 


Se CO OCOrrF OF,FMF CO CO = Re 


p 
0 
i 
1 
0 
1 
0 
0 
1 
i 
0 





The parity bit can be attached to the code at either the beginning or the end, depending 
on system design. Notice that the total number of Is, including the parity bit, is always even 
for even parity and always odd for odd parity. 


Detecting an Error A parity bit provides for the detection of a single bit error (or any odd 
number of errors, which is very unlikely) but cannot check for two errors in one group. For 
instance, let’s assume that we wish to transmit the BCD code 0101. (Parity can be used with 


96 = NUMBER SYSTEMS, OPERATIONS, AND CODES 


any number of bits; we are using four for illustration.) The total code transmitted, includ- 
ing the even parity bit, is 


Even parity bit 
00101 
TL BCD code 
Now let’s assume that an error occurs in the third bit from the left (the 1 becomes a 0). 
Even parity bit 
00001 
L_ Bit errror 


When this code is received, the parity check circuitry determines that there is only a single 
1 (odd number), when there should be an even number of Is. Because an even number of 
1s does not appear in the code when it is received, an error is indicated. 

An odd parity bit also provides in a similar manner for the detection of a single error in 
a given group of bits. 


, EXAMPLE 2-39 
Assign the proper even parity bit to the following code groups: 


(a) 1010 (b) 111000 (c) 101101 
(d) 1000111001001 =‘(e) 101101011111 


Solution Make the parity bit either 1 or 0 as necessary to make the total number of Is even. The 
parity bit will be the left-most bit (color). 


(a) 01010 (b) 1111000 (c) 9101101 
(d) 0100011100101 = (e) 1101101011111 


Related Problem Add an even parity bit to the 7-bit ASCII code for the letter K. 





| EXAMPLE 2-40 
An odd parity system receives the following code groups: 10110, 11010, 110011, 


110101110100, and 1100010101010. Determine which groups, if any, are in error. 








Solution Since odd parity is required, any group with an even number of Is is incorrect. The 
following groups are in error: 110011 and 1100010101010. 


Related Problem The following ASCII character is received by an odd parity system: 00110111. Is it 
correct? 


The Hamming Error Correction Code 


As you have seen, a single parity bit allows for the detection of single-bit errors in a code word. 
A single parity bit can indicate that there is an error in a certain group of bits. In order to cor- 
rect a detected error, more information is required because the position of the bit in error must 
be identified before it can be corrected. More than one parity bit must be included in a group 
of bits to be able to correct a detected error. In a 7-bit code, there are seven possible single-bit 
errors. In this case, three parity bits can not only detect an error but can specify the position 
of the bit in error. The Hamming code provides for single-error correction. The following 
coverage illustrates the construction of a 7-bit Hamming code for single-error correction. 
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Number of Parity Bits If the number of data bits is designated d, then the number of par- 
ity bits, p, is determined by the following relationship: 


Ledtp+ | Equation 2-1 


For example, if we have four data bits, then p is found by trial and error with Equation 2-1. 
Let p = 2. Then 


= Sa 
and 
d+p+1=44+2+1=7 


Since 2? must be equal to or greater than d + p + 1, the relationship in Equation 2—1 is not 
satisfied. We have to try again. Let p = 3. Then 


Vat =k 
and 
d+p+1=4+3+1=8 


This value of p satisfies the relationship of Equation 2—1, so three parity bits are required 
to provide single-error correction for four data bits. It should be noted here that error de- 
tection and correction are provided for all bits, both parity and data, in a code group; that 
is, the parity bits also check themselves. 


Placement of the Parity Bits in the Code Now that we have found the number of parity bits 
required in our particular example, we must arrange the bits properly in the code. At this point 
you should realize that in this example the code is composed of the four data bits and the three 
parity bits. The left-most bit is designated Dit /, the next bit is bit 2, and so on as follows: 


bit 1, bit2, bit3, bit4, bit5, bit6, bit7 


he parity bits are located in the positions that are numbered corresponding to ascending 
powers of two (1, 2, 4, 8, ...), as indicated: 


Pi, Py, Dy, P3, Dy, D3, D4 


he symbol P,, designates a particular parity bit, and D,, designates a particular data bit. 


Assignment of Parity Bit Values Finally, we must properly assign a | or O value to each 
parity bit. Since each parity bit provides a check on certain other bits in the total code, we 
must know the value of these others in order to assign the parity bit value. To find the bit 
values, first number each bit position in binary, that is, write the binary number for each 
decimal position number, as shown in the second two rows of Table 2—11. Next, indicate 
the parity and data bit locations, as shown in the first row of Table 2—11. Notice that the bi- 
nary position number of parity bit P; has a | for its right-most digit. This parity bit checks 
all bit positions, including itself, that have Is in the same location in the binary position 
numbers. Therefore, parity bit P, checks bit positions 1, 3, 5, and 7. 


WV TABLE 2-11 


Bit position table for a 7-bit error correction code. 


BIT DESIGNATION |e 2 fs 
BIT POSITION | 2 3 4 


BINARY POSITION NUMBER | 001 | 010 | 011 | 100 | 101 | 110 | 111 





Data bits (D,,) 
Parity bits (P,,) 
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The binary position number for parity bit P, has a | for its middle bit. It checks all bit 
positions, including itself, that have 1s in this same position. Therefore, parity bit P, checks 
bit positions 2, 3, 6, and 7. 

The binary position number for parity bit P; has a 1 for its left-most bit. It checks all bit 
positions, including itself, that have 1s in this same position. Therefore, parity bit P; checks 
bit positions 4, 5, 6, and 7. 

In each case, the parity bit is assigned a value to make the quantity of 1s in the set of bits 
that it checks either odd or even, depending on which is specified. The following examples 
should make this procedure clear. 


EXAMPLE 2-41 
Determine the Hamming code for the BCD number 1001 (data bits), using even parity. 


Solution Step 1: Find the number of parity bits required. Let p = 3. Then 


?P=2?=8 
dtp+ti=4+3+1=8 
Three parity bits are sufficient. 
Total code bits = 4+ 3 =7 
Step 2: Construct a bit position table, as shown in Table 2—12, and enter the data 


bits. Parity bits are determined in the following steps. 


YY TABLE 2-12 


BIT DESIGNATION P, Be | oD, 
BIT POSITION 1 2 3 


BINARY POSITION NUMBER | 001 | 010 | 011 









Data bits 
Parity bits 





Step 3: Determine the parity bits as follows: 


Bit P, checks bit positions 1, 3, 5, and 7 and must be a 0 for there to be an 
even number of Is (2) in this group. 


Bit P, checks bit positions 2, 3, 6, and 7 and must be a 0 for there to be an 
even number of Is (2) in this group. 


Bit P; checks bit positions 4, 5, 6, and 7 and must be a | for there to be an 
even number of 1s (2) in this group. 


Step 4: These parity bits are entered in Table 2—12, and the resulting combined code 
is 0011001. 


Related Problem Determine the Hamming code for the BCD number 1000 using even parity. 
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EXAMPLE 2-42 
Determine the Hamming code for the data bits 10110 using odd parity. 


Solution Step 1: Determine the number of parity bits required. In this case the number of data 
bits, d, is five. From the previous example we know that p = 3 will not work. 


Try p = 4: 
p=? = 16 
d+p+1=5+4+4+1=10 
Four parity bits are sufficient. 


Total code bits =5 +4=9 


Step 2: Construct a bit position table, Table 2—13, and enter the data bits. Parity bits 
are determined in the following steps. Notice that P, is in bit position 8. 


Vv TABLE 2-13 


| BIT POSITION 1 2 3 4 5 8 9 
BINARY POSITION NUMBER | 0001 | 0010 | 0011 | 0100 | 0101 | O1T0 | O111 | 1000 | 1001 








lL rm 


Step 3: Determine the parity bits as follows: 


Bit P, checks bit positions 1, 3, 5, 7, and 9 and must be a 1 for there to be an 
odd number of Is (3) in this group. 


Bit P, checks bit positions 2, 3, 6, and 7 and must be a 0 for there to be an 
odd number of 1s (3) in this group. 


Bit P3 checks bit positions 4, 5, 6, and 7 and must be a 1| for there to be an 
odd number of 1s (3) in this group. 


Bit P, checks bit positions 8 and 9 and must be a | for there to be an odd 
number of 1s (1) in this group. 


Step 4: These parity bits are entered in the Table 2—13, and the resulting combined 
code is 101101110. 


Related Problem Determine the Hamming code for 11001 using odd parity. 





Detecting and Correcting an Error with the Hamming Code 


Now that the Hamming method for constructing an error-correction code has been covered, 








100 ™ NUMBER SYSTEMS, OPERATIONS, AND CODES 


be made, and so on. Each parity check will yield a good or a bad result. The total result of 
all the parity checks indicates the bit, if any, that is in error, as follows: 


Step 1. Start with the group checked by P). 


‘Step 2. Check the group for proper parity. A 0 represents a good parity check, and | 
represents a bad check. 

Step 3. Repeat step 2 for each parity group. 

Step 4. The binary number formed by the results of all the parity checks designates the 
position of the code bit that is in error. This is the error position code. The first 
parity check generates the least significant bit (LSB). If all checks are good, 
there is no error. 


EXAMPLE 2-43 
Assume that the code word in Example 2-41 (0011001) is transmitted and that 
0010001 is received. The receiver does not “know” what was transmitted and must 
look for proper parities to determine if the code is correct. Designate any error that has 
occurred in transmission if even parity is used. 


Solution First, make a bit position table, as indicated in Table 2-14. 


Y TABLE 2-14 


BIT DESIGNATION 


BIT POSITION 





Received code 0 0 Lie oO 0 0) ] 





First parity check: 
Bit P, checks positions 1, 3, 5, and 7. 
There are two Is in this group. 
Parity check is good. ——————————_._ 0 (LSB) 


Second parity check: 
Bit P, checks positions 2, 3, 6, and 7. 
There are two Is in this group. 
Parity check is good. —————————— 0 


Third parity check: 
Bit P; checks positions 4, 5, 6, and 7. 
There is one | in this group. 
Parity check is bad. ———————________———_._ 1 (MSSB) 


Result: 
The error position code is 100 (binary four). This says that the bit in position 4 is in 
error. It is a 0 and should be a |. The corrected code is 0011001, which agrees with 
the transmitted code. 


Related Problem Repeat the process illustrated in the example if the received code is 0111001. 
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EXAMPLE 2-44 
The code 101101010 is received. Correct any errors. There are four parity bits, and 
odd parity is used. 


Solution First, make a bit position table like Table 2-15. 


VY TABLE 2-15 





BIT DESIGNATION 
BIT POSITION 






BINARY POSITION NUMBER | 
Received code 1 0 1 if 0 1 0 1 0 





First parity check: 
Bit P,; checks positions 1, 3, 5, 7, and 9. 
There are two Is in this group. 
Parity check is bad..~ —————————__________—————_»_ | (LSB) 


Second parity check: 
Bit P, checks positions 2, 3, 6, and 7. 
There are two Is in this group. 
Parity check is bad... -——HH———__________———__»,_ ] 


Third parity check: 
Bit P; checks positions 4, 5, 6, and 7. 
There are two Is in this group. 
Parity check is bad... ———_________—_————___+»_ | 


Fourth parity check: 
Bit P, checks positions 8 and 9. 
There is one | in this group. 
Parity check is good. —————————————_—», 0. (MSSB) 


Result: 
The error position code is 0111 (binary seven). This says that the bit in position 7 is 
in error. The corrected code 1s therefore 101101110. 


Related Problem The code 101111001 is received. Correct any error if odd parity is used. 


| [section 2-12 & | 

| REVIEW 1. Which odd-parity code is in error? | 

| (a) 1011 (b) 1110 (c) 0101 (d) 1000 | 
2. Which even-parity code is in error? | 

(a) 11000110 (b) 00101000 (c) 10101010 (d) 11111011 

| 3. Add an even parity bit to the end of each of the following codes. 

| (a) 1010100 (b) 0100000 (c) 1110111 (d) 1000110 

| 4. How many parity bits are required for data bits 11010 using the Hamming code? 


» 5. Create the Hamming code for the data bits 0011 using even parity. 
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SUMMARY 


= A binary number is a weighted number in which the weight of each whole number digit is a 
positive power of two and the weight of each fractional digit is a negative power of two. The 
whole number weights increase from right to left—from least significant digit to most 
significant. 


= A binary number can be converted to a decimal number by summing the decimal values of the 
weights of all the Is in the binary number. 


=m A decimal whole number can be converted to binary by using the sum-of-weights or the 
repeated division-by-2 method. 


= A decimal fraction can be converted to binary by using the sum-of-weights or the repeated 
multiplication-by-2 method. 


m The basic rules for binary addition are as follows: 


0+0=0 
0O+1=1 
1+0=1 
1+ 1=10 


m The basic rules for binary subtraction are as follows: 


0O-0=0 
l=l=9Q 
1-0=1 
Ig@—1=] 


m The 1’s complement of a binary number is derived by changing |s to Os and Os to Is. 
= The 2’s complement of a binary number can be derived by adding | to the 1’s complement. 


m Binary subtraction can be accomplished with addition by using the 1’s or 2’s complement 
method. 


= A positive binary number is represented by a 0 sign bit. 
A negative binary number is represented by a 1 sign bit. 


= For arithmetic operations, negative binary numbers are represented in 1’s complement or 2’s 
complement form. 


= In an addition operation, an overflow is possible when both numbers are positive or when 
both numbers are negative. An incorrect sign bit in the sum indicates the occurrence of an 
overflow. 


m The hexadecimal number system consists of 16 digits and characters, 0 through 9 followed by 
A through F. 


m™ One hexadecimal digit represents a 4-bit binary number, and its primary usefulness is in 
simplifying bit patterns and making them easier to read. 


A decimal number can be converted to hexadecimal by the repeated division-by-16 method. 
The octal number system consists of eight digits, 0 through 7. 


A decimal number can be converted to octal by using the repeated division-by-8 method. 


Octal-to-binary conversion is accomplished by simply replacing each octal digit with its 3-bit 
binary equivalent. The process is reversed for binary-to-octal conversion. 


= A decimal number is converted to BCD by replacing each decimal digit with the appropriate 
4-bit binary code. 


= The ASCII is a 7-bit alphanumeric code that is widely used in computer systems for input and 
output of information. 


= A parity bit is used to detect an error in a code. 


=m The Hamming code provides for single-error detection and correction. 


SELF-TEST ®& 103 


/KEYTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Alphanumeric Consisting of numerals, letters, and other characters. 
ASCII American Standard Code for Information Interchange; the most widely used alphanumeric code. 


BCD Binary coded decimal; a digital code in which each of the decimal digits, 0 through 9, is repre- 
sented by a group of four bits. 


Byte A group of eight bits. 


Floating-point number A number representation based on scientific notation in which the number con- 
sists of an exponent and a mantissa. 


Hamming code A type of error correction code. 

Hexadecimal Describes a number system with a base of 16. 

LSB Least significant bit; the right-most bit in a binary whole number or code. 
MSB Most significant bit; the left-most bit in a binary whole number or code. 
Octal Describes a number system with a base of eight. 


Parity In relation to binary codes, the condition of evenness or oddness of the number of Is in a code 
group. 


LSELF-TESt Answers are at the end of the chapter. 


1. 2x10! + 8x 10° is equal to 
(a) 10 (b) 280 (c) 2.8 (d) 28 
2. The binary number 1101 is equal to the decimal number 
(a) 13 (b) 49 (c) 11 (d) 3 
3. The binary number 11011101 is equal to the decimal number 
(a) 121 (b) 221 (c) 441 (d) 256 
4. The decimal number 17 is equal to the binary number 
(a) 10010 (b) 11000 (c) 10001 (d) 01001 
5. The decimal number 175 is equal to the binary number 
(a) 11001111 (b) 10101110 (c) 1O101111 (d) 11101111 
6. The sum of 11010 + 01111 equals 
(a) 101001 (b) 101010 (c) 110101 (d) 101000 
7. The difference of 110 — 010 equals 
(a) 001 (b) 010 (c) 101 (d) 100 
8. The 1’s complement of 10111001 is 
(a) 01000111 (b) 01000110 (c) 11000110 (d) 10101010 
9. The 2’s complement of 11001000 is 
(a) OO110111 (b) 00110001 (c) 01001000 (d) 00111000 
10. The decimal number +122 is expressed in the 2’s complement form as 
(a) 01111010 (b) 11111010 (c) 01000101 (d) 10000101 
11. The decimal number —34 is expressed in the 2’s complement form as 
(a) 01011110 (b) 10100010 (c) 11011110 (d) 01011101 
12. A single-precision floating-point binary number has a total of 
(a) 8 bits (b) 16 bits (c) 24 bits (d) 32 bits 
13. In the 2’s complement form, the binary number 10010011 is equal to the decimal number 
(a) —19 (b) +109 (c) +91 (d) —109 
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14. The binary number 101100111001010100001 can be written in octal as 
(a) 5471230, (b) 5471241, (c) 2634521. (d) 23162501, 
15. The binary number 10001101010001101111 can be written in hexadecimal as 
(a) AD467 (b) 8C46F,, (c) 8D46F i, (d) AE46F¢ 
16. The binary number for F7A9j¢ is 
(a) 1111011110101001 (b) 1110111110101001 
(c) 1111111010110001 (d) 1111011010101001 
17. The BCD number for decimal 473 is 
(a) 111011010 (b) 110001110011 (ec) 010001110011 (d) 010011110011 
18. Refer to Table 2-7. The command STOP in ASCII is 
(a) 1010011101010010011111010000 (b) 1010010100110010011101010000 
(c) 1001010110110110011101010001 (d) 1010011101010010011101100100 
19. The code that has an even-parity error is 
(a) 1010011 (b) 1101000 (c) 1001000 (d) 1110111 


/PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 2-1 Decimal Numbers 
1. What is the weight of the digit 6 in each of the following decimal numbers? 
(a) 1386 (b) 54,692 (c) 671,920 
2. Express each of the following decimal numbers as a power of ten: 
(a) 10 (b) 100 (c) 10,000 (d) 1,000,000 
3. Give the value of each digit in the following decimal numbers: 
(a) 471 (b) 9356 (c) 125,000 


4. How high can you count with four decimal digits? 


SECTION 2-2 Binary Numbers 

5. Convert the following binary numbers to decimal: 
(a) 11 (b) 100 (c) 111 (d) 1000 
(e) 1001 (f) 1100 (g) 1011 (h) 1111 

6. Convert the following binary numbers to decimal: 
(a) 1110 (b) 1010 (c) 11100 (d) 10000 
(e) 10101 (f) 11101 (g) 10111 (h) 11111 

7. Convert each binary number to decimal: 
(a) 110011.11 (b) 101010.01 (c) 1000001.111 
(d) 1111000.101 (e) 1011100.10101 (f) 1110001.0001 
(g) 1011010.1010 (h) 1111111.11111 


8. What is the highest decimal number that can be represented by each of the following numbers 
of binary digits (bits)? 


(a) two (b) three (c) four (d) five (e) six 
(f) seven (g) eight (h) nine (i) ten (j) eleven 
9. How many bits are required to represent the following decimal numbers? 
(a) 17 (b) 35 (c) 49 (d) 68 
(e) 81 (f) 114 (g) 132 (h) 205 


SECTION 2-3 


SECTION 2-4 


SECTION 2-5 


SECTION 2-6 
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10. Generate the binary sequence for each decimal sequence: 
(a) 0 through 7 (b) 8 through 15 (c) 16 through 31 
(d) 32 through 63 (e) 64 through 75 


Decimal-to-Binary Conversion 

11. Convert each decimal number to binary by using the sum-of-weights method: 
(a) 10 = (b) 17 (c) 24 (d) 48 
(e) 61 (f) 93 (g) 125 (h) 186 

12. Convert each decimal fraction to binary using the sum-of-weights method: 
(a) 0.32 (b) 0.246 (c) 0.0981 

13. Convert each decimal number to binary using repeated division by 2: 
(a) 15 = (b) 21 (c) 28 (d) 34 
(e) 40 (f) 59 (g) 65 (h) 73 

14. Convert each decimal fraction to binary using repeated multiplication by 2: 
(a) 0.98 (b) 0.347 (c) 0.9028 


Binary Arithmetic 
15. Add the binary numbers: 
(a) 11+ 01 (b) 10+ 10 (c) 101 + 11 
(d) 111 +110 (e) 1001 + 101 (f) 1101 + 1011 
16. Use direct subtraction on the following binary numbers: 
(a) 11—1 (b) 101 — 100 (c) 110 — 101 
(d) 1110 — 11 (e) 1100 — 1001 (f) 11010 — 10111 
17. Perform the following binary multiplications: 
(a) 11x11 (b) 100 x 10 (e} Tid *% 101 
(d) 1001 x 110 (e) 1101 x 1101 (f) 1110 x 1101 
18. Divide the binary numbers as indicated: 
(a) 100 +10 (b) 1001 +11 (c) 1100 + 100 


1‘s and 2’s Complements of Binary Numbers 
19. Determine the 1’s complement of each binary number: 
(a) 101 (b) 110 (c) 1010 
(d) 11010111 (e) 1110101 (f) 00001 
20. Determine the 2’s complement of each binary number using either method: 
(a) 10 (b) 111 (c) 1001 (d) 1101 
(e) 11100 (f) 10011 (g) 10110000 (h) 00111101 


Signed Numbers 
21. Express each decimal number in binary as an 8-bit sign-magnitude number: 
(a) +29 (b) —85 (c) +100 (d) —123 
22. Express each decimal number as an 8-bit number in the 1’s complement form: 
(a) —34 (b) +57 (c) —99 (d) +115 
23. Express each decimal number as an 8-bit number in the 2’s complement form: 
(a) +12 (b) —68 (c) +101 (d) —125 
24. Determine the decimal value of each signed binary number in the sign-magnitude form: 
(a) 10011001 (b) 01110100 (c) 10111111 
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25. Determine the decimal value of each signed binary number in the 1’s complement form: 
(a) 10011001 (b) 01110100 (c) 10111111 

26. Determine the decimal value of each signed binary number in the 2’s complement form: 
(a) 10011001 (b) 01110100 (c) 10111111 


27. Express each of the following sign-magnitude binary numbers in single-precision floating- 
point format: 


(a) 0111110000101011 (b) 10011000001 1000 

28. Determine the values of the following single-precision floating-point numbers: 
(a) 1 10000001 01001001 110001000000000 
(b) 0 11001100 100001 11110100100000000 


SECTION 2-7 Arithmetic Operations with Signed Numbers 
29. Convert each pair of decimal numbers to binary and add using the 2’s complement form: 
(a) 33 and 15 (b) 56 and —27 (c) —46 and 25 (d) —110 and —84 
30. Perform each addition in the 2’s complement form: 
(a) 00010110 + 00110011 (b) 01110000 + 10101111 
31. Perform each addition in the 2’s complement form: 
(a) 10001100 + 00111001 (b) 11011001 + 11100111 
32. Perform each subtraction in the 2’s complement form: 
(a) 00110011 — 00010000 (b) 01100101 — 11101000 
33. Multiply 01101010 by 11110001 in the 2’s complement form. 
34. Divide 01000100 by 00011001 in the 2’s complement form. 


SECTION 2-8 Hexadecimal Numbers 
35. Convert each hexadecimal number to binary: 
(a) 3846 (b) 591. (c) Al4ig (d) 5C8\¢ 
(e) 4100), (f) FB17,, (g) 8A9D\, 
36. Convert each binary number to hexadecimal: 
(a) 1110 (b) 10 (c) 10111 
(d) 10100110 (e) 1111110000 (f) 100110000010 
37. Convert each hexadecimal number to decimal: 
(a) 2316 (b) 921. (c) 1Aj, (d) 8D. 
(e) F3\¢ (f) EBi< (g) 5C2i¢ (h) 700;¢ 
38. Convert each decimal number to hexadecimal: 
(a) 8 (b) 14 (c) 33 (d) 52 
(e) 284 (f) 2890 (g) 4019 (h) 6500 
39. Perform the following additions: 
(a) 3716 + 2946 (b) AOi, + 6Bi¢ (Cc) FFi5 + BByi¢ 
40. Perform the following subtractions: 
(a) 51is — 404. (b) C815 — 3Ai¢ (C) FDi6 — 8816 


SECTION 2-9 Octal Numbers 
41. Convert each octal number to decimal: 
(a) 12, (b) 27, (c) 56, (d) 64, (e) 103. 
(f) 557. (g) 163, (h) 1024, (1) 7765, 
42. Convert each decimal number to octal by repeated division by 8: 
(a) 15 (b) 27 (c) 46 (d) 70 
(e) 100 (f) 142 (g) 219 (h) 435 


SECTION 2-10 


SECTION 2-11 


43. 
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Convert each octal number to binary: 


(a) 13, (b) 57, (c) 101, (d) 321, (e) 540, 


(f) 4653,  (g) 13271, (hh) 45600, ~—(i)-:«100213, 


44. Convert each binary number to octal: 


(a) 111 (b) 10 (c) 110111 
(d) 101010 (e) 1100 (f) 1011110 
(g) 101100011001 (h) 10110000011 (i) 111111101111000 


Binary Coded Decimal (BCD) 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


Convert each of the following decimal numbers to 8421 BCD: 
(a) 10 (b) 13 (c) 18 (d) 21 (e) 25 (f) 36 
(g) 44 (h)57) (69) «6(j) 98—s (kK) 1125—s« @) 156 


Convert each of the decimal numbers in Problem 45 to straight binary, and compare the 
number of bits required with that required for BCD. 


Convert the following decimal numbers to BCD: 

(a) 104 (b) 128 (c) 132 (d) 150 (e) 186 
(f) 210 (g) 359 (h) 547 (i) 1051 

Convert each of the BCD numbers to decimal: 

(a) 0001 (b) 0110 (c) 1001 

(d) 00011000 (e) 00011001 (f) 00110010 

(g) 01000101 (h) 10011000 (i) 100001110000 


Convert each of the BCD numbers to decimal: 


(a) 10000000 (b) 001000110111 
(c) 001101000110 (d) 010000100001 
(e) 011101010100 (f) 100000000000 
(g) 100101111000 (h) 000101101000001 1 


(i) 100100000001 1000 (j) 0110011001100111 

Add the following BCD numbers: 

(a) 0010 + 0001 (b) 0101 + 0011 

(c) 0111 + 0010 (d) 1000 + 0001 

(e) 00011000 + 00010001 (f) 01100100 + 00110011 

(g) 01000000 + 01000111 (h) 10000101 + 00010011 

Add the following BCD numbers: 

(a) 1000 + 0110 (b) 0111 + O101 

(c) 1001 + 1000 (d) 1001 + 0111 

(e) 00100101 + 00100111 (f) 01010001 + 01011000 

(g) 10011000 + 10010111 (h) 010101100001 + 011100001000 
Convert each pair of decimal numbers to BCD, and add as indicated: 
(a) 4+3 (b) 5+2 (c) 6+4 (a) 17 + 12 
(€) 28+ 23 (f) 65 + 58 (g) 113 + 101 (h) 295 + 157 


Digital Codes 


= 


In a certain application a 4-bit binary sequence cycles from 1111 to 0000 periodically. There 
are four bit changes, and because of circuit delays, these changes may not occur at the same 
instant. For example, if the LSB changes first, the number will appear as [110 during the 
transition from 1111 to 0000 and may be misinterpreted by the system. Illustrate how the Gray 
code avoids this problem. 
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54. Convert each binary number to Gray code: 

(a) 11011 (b) 1001010 (ec) 1111011101110 
55. Convert each Gray code to binary: 

(a) 1010 (b) 00010 (c) 11000010001 


56. Convert each of the following decimal numbers to ASCII. Refer to 
Table 2-7. 


(a) 1 (b) 3 (c) 6 (d) 10 (e) 18 
(f) 29 (g) 56 (h) 75 (i) 107 
57. Determine each ASCII character. Refer to Table 2-7. 
(a) 0011000 (b) 1001010 (c) 0111101 
(d) 0100011 (e) 0111110 (f) 1000010 
58. Decode the following ASCII coded message: 
1001000 1100101 1101100 1101100 1101111 O101110 
0100000 1001000 1101111 1110111 0100000 1100001 
1110010 1100101 0100000 1111001 1101111 1110101 
Ol11111 
59. Write the message in Problem 58 in hexadecimal. 


60. Convert the following computer program statement to ASCII: 
30 INPUT A, B 


SECTION 2-12 _ Error Detection and Correction Codes 

61. Determine which of the following even parity codes are in error: 
(a) 100110010 (b) 011101010 (c) 10111111010001010 

62. Determine which of the following odd parity codes are in error: 
(a) 11110110 (b) 00110001 (c) 01010101010101010 

63. Attach the proper even parity bit to each of the following bytes of data: 
(a) 10100100 (b) 00001001 (c) 11111110 

64. Determine the even-parity Hamming code for the data bits 1100. 

65. Determine the odd-parity Hamming code for the data bits 11001. 

66. Correct any error in each of the following Hamming codes with even parity. 
(a) 1110100 (b) 1000111 

67. Correct any error in each of the following Hamming codes with odd parity. 
(a) 110100011 (b) 100001101 





SECTION 2-1 Decimal Numbers 


1. (a) 1370: 10 (b) 6725: 100 (c) 7051: 1000 (d) 58.72: 0.1 


2. (a) 51 =(5x 10) + (1x1) (b) 137 = (1 x 100) + @x 10) + (71) (c) 1492 = 
(1 x 1000) + (4 x 100) + (9x 10) + (2x 1) (d) 106.58 = (1 x 100) + (Ox 10) + 
(6x 1)+(5x0.1) + (8 x 0.01) 


SECTION 2-2 _ Binary Numbers 
1. 2 — 1255 
2. Weight is 16. 
3. 10111101.011 = 189.375 


SECTION 2-3 


SECTION 2-4 


SECTION 2-5 


SECTION 2-6 


SECTION 2-7 


SECTION 2-8 


SECTION 2-9 


SECTION 2-10 
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Decimal-to-Binary Conversion 
1. (a) 23 = 10111 (b) 57 = 111001 (c) 45.5 = 101101.1 
2. (a) 14= 1110 (b) 21 = 10101 (c) 0.375 = 0.011 


Binary Arithmetic 
1. (a) 1101 + 1010 = 10111 (b) 10111 + 01101 = 100100 
2. (a) 1101 — 0100 = 1001 (b) 1001 — 0111 = 0010 
3. (a) 110x111 = 101010 (b) 1100 +011 = 100 


1’s and 2’s Complements of Binary Numbers 
1. (a) 1’s comp of 00011010 = 11100101 (b) 1’s comp of 11110111 = 00001000 
(c) 1’s comp of 10001101 = 01110010 
2. (a) 2’s comp of 00010110 = 11101010 (b) 2’s comp of 11111100 = 00000100 
(c) 2’s comp of 10010001 = 01101111 


Signed Numbers 
1. Sign-magnitude: +9 = 00001001 
2. 1’s comp: —33 = 11011110 
3. 2’s comp: —46 = 11010010 
4 


. Sign bit, exponent, and mantissa 


Arithmetic Operations with Signed Numbers 


1. Cases of addition: positive number is larger, negative number is larger, both are positive, both 
are negative 


- 00100001 + 10111100 = 11011101 

- 01110111 — 00110010 = 01000101 

. Sign of product is positive. 

. 00000101 x 01111111 = 01001111011 
. Sign of quotient is negative. 

- 00110000 + 00001100 = 00000100 


SIN mn BW NW 


Hexadecimal Numbers 
1. (a) 10110011 = B3,, (b) 110011101000 = CE8,, 
2. (a) 57,6 = 01010111 (b) 3A5,, = 001110100101 

(c) F8OB,, = 1111100000001011 

9B3016 = 39,7284 

57319 = 23D 6 

(a) 1816 + 3415 = 4C i, (b) 3Fi5 + 2Ai6 = 6946 

(a) 7516 — 2116 = 5416 (b) 9415 — 5Cig = 38i¢ 


Poe 


Octal Numbers 
1. (a) 73, = 5919 (BD) 125 = 8549 
2. (a) 98:5 = 142,  (b) 163,, = 243, 
3. (a) 46,= 100110 (b) 723, = 111010011 (ce) 5624, = 101110010100 
4. (a) 110101111 = 657, (b) 1001100010 = 1142, (c) 10111111001 = 2771, 


Binary Coded Decimal (BCD) 
1. (a) 0010: 2 (b) 1000: 8 (c) 0001: | (d) 0100: 4 


110 
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2. (a) 69 =0110 —(b) 15,9 = 00010101 
(d) 849,, = 100001001001 


4. A 4-bit sum is invalid when it is greater than 919. 


(b) 001001111000 = 278), 


SECTION 2-11 Digital Codes 

1. (a) 1100, = 1010 Gray 
2. (a) 1000 Gray = 1111, 
3. (a) K: 1001011 > 4B, 


(c) $: 0100100 > 24,, 


(b) 1010, = 1111 Gray 
(b) 1010 Gray = 1100, 
(b) r: 1110010 > 72,, 

(d) +: 0101011 > 2B,. 


SECTION 2-12 _ Error Detection and Correction Codes 
1. (c) O101 has an error. 
2. (d) 11111011 has an error. 
3. (a) 10101001 (b) 01000001 (c) 11101110 
4 
5 


. Four parity bits 


. 100001 1 (parity bits are red) 


(c) 273,) = 001001110011 


(c) 000101010111 = 157, 


(c) 11010, = 10111 Gray 
(c) 11101 Gray = 10110, 


(d) 10001101 





2-2 

(0.02), 4 has a value of 4/1000 (0.004). 
2-3 10010001 = 128 + 16+ 1 = 145 
2-5 125 = 64+ 32+ 16+8+4+1 = 1111101 
2-7 1111+ 1100 = 11011 2-8 111 — 100 = O11 
2-10 1101 x 1010 = 10000010 2-11 1100+ 100 = 11 
2-13 01000000 2-14 See Table 2-16. 


» TABLE 2-16 


Bila maleael = 


00010011 
10010011 


1°S COMP 
OOOLOO11 






+19 
—19 


2-16 
2-18 
2-21 
2-23 


11101011 = —20,, 
1100001000101001 1000000000 
1001000110 
100+25=4(0100) 2-24 4F79C,, 


11101100 


2-17 11010111 = —41,, 
2-19 01010101 
2-22 (83)(—59) = —4897 (10110011011111 in 2’s comp) 
2-25 0110101111010011, 


6 has a value of 60, 7 has a value of 7, 9 has a value of 9/10 (0.9), 2 has a value of 2/100 


2-4 10.111 = 2+ 0.5 + 0.25 + 0.125 = 2.875 


2-6 39 = 100111 
2-9 110 — 101 = 001 
2-12 00110101 


2-15 01110111 = + 119, 


2'$ COMP 


00010011 
11101101 | 


2-20) 00010001 


2-26 


2-27 
2-28 
2-30 
2-31 


2-32 
2-35 


6BD,, = 011010111101 = 2'° + 2? + 27+ 2°+ 244+ 27+27+2° 
= 1024+ 512 + 128+ 324+ 16+8+4+1 = 1725, 
60Ai, = (6 X 256) + (0x 16) + (10x 1) = 1546, 
259149 = AlFig.... 2-29 4Cig + 3Aqe = 864¢ 
BCD 4 — 173i.:= ASA 
(a) 0010115 = Liga = 132 (b) 010101, = 2149 = 25. 
(c) 001100000, = 96,5 = 140,  (d) 111101010110, = 3926,, = 7526, 
1250762, 2-33 1001011001110011 2-34 82,276), 


1001100101101000 2-36 10000010 2-37 (a) 111011 (Gray) (b) 111010, 
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2-38 The sequence of codes for 80 INPUT Y is 3863016201649 164E 16501655 165416201659 16 
2-39 01001011 2-40 Yes 2-41 //10000 2-42 001010001 

2-43 The bit in position 010 (2) is in error. Correct to 0011001. 

2—44 The bit in position 0010 (2) is in error. Correct to 111111000. 


SELF-TEST | 

iho 2° Set 4k ENG €£& Fa)” Baw 
0, @. Ww 11.) 2 Boe 14h) iO. 16 & 
17. (c) 18.(a) 19. (b) 
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CHAPTER OUTLINE CHAPTER OBJECTIVES 


The Inverter Describe the operation of the inverter, the AND gate, and the 
The AND Gate Chee 

The OR Gate Describe the operation of the NAND gate and the NOR gate 
The NAND Gate Express the operation of NOT, AND, OR, NAND, and NOR 
The NOR Gate gates with Boolean algebra 

The Exclusive-OR and Exclusive-NOR Gates Describe the operation of the exclusive-OR and exclusive- 
Programmable Logic NOR gates 

Fixed-Function Logic Recognize and use both the distinctive shape logic gate symbols 
Troubleshooting and the rectangular outline logic gate symbols of ANSI/IEEE 


Standard 91-1984 





© Construct timing diagrams showing the proper time relationships 


of inputs and outputs for the various logic gates 


© Discuss the basic concepts of programmable logic 


"= Make basic comparisons between the major IC technologies— 


CMOS and TTL 


©" Explain how the different series within the CMOS and TTL 


families differ from each other 


"Define propagation delay time, power dissipation, speed-power 


product, and fan-out in relation to logic gates 


© List specific fixed-function integrated circuit devices that 


contain the various logic gates 


"Use each logic gate in simple applications 


© Troubleshoot logic gates for opens and shorts by using the 


oscilloscope 


KEY TERMS | 


Inverter 

Truth table 
Timing diagram 
Boolean algebra 
Complement 
AND gate 

Enable 

OR gate 

NAND gate 

NOR gate 
Exclusive-OR gate 
Exclusive-NOR gate 
AND array 


Fuse 
Antifuse 
EPROM 
EEPROM 
SRAM 

Target device 
JTAG 

CMOS 

TTL 
Propagation delay time 
Fan-out 


Unit load 





INTRODUCTION : 


The emphasis in this chapter is on the operation, 
application, and troubleshooting of logic gates. The 
relationship of input and output waveforms of a gate using 
timing diagrams is thoroughly covered. 

Logic symbols used to represent the logic gates are in 
accordance with ANSI/IEEE Standard 91-1984. This standard 
has been adopted by private industry and the military for 
use in internal documentation as well as published literature. 

Both programmable logic and fixed-function logic are 
discussed in this chapter. Because integrated circuits (ICs) are 
used in all applications, the logic function of a device is 
generally of greater importance to the technician or 
technologist than the details of the component-level circuit 
operation within the IC package. Therefore, detailed 
coverage of the devices at the component level can be 
treated as an optional topic. For those who need it and have 
the time, a thorough coverage of digital integrated circuit 
technologies is available in Chapter 14, portions of which 
may be referenced at appropriate points throughout the 
text. Suggestion: Review Section 1—3 before you start this 
chapter. 


_ FIXED-FUNCTION LOGIC DEVICES 
j 
| (CMOS AND TTL SERIES) 


| 74XX00.-74XX02.~—s«74XX04 
74XX08 74XX10.—- 74XX11 
74XX20. -74XX21.——- 74XX27 
74XX30  74XX32. 74X86 
74XX266 





VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 


113 


114 #& LOGIC GATES 


2 THe INVERTER 


Y TABLE 3-1 


Inverter truth table. 


INPUT OUTPUT ff 
LOW (0) HIGH(1) . | 
HIGH (1) LOW (0) 








The inverter (NOT circuit) performs the operation called inversion or complementation. 
The inverter changes one logic level to the opposite level. In terms of bits, it changes a | 
toaQandaOtoal. 


After completing this section, you should be able to 


= Identify negation and polarity indicators ™ Identify an inverter by either its 
distinctive shape symbol or its rectangular outline symbol ® Produce the truth table for 
an inverter ™ Describe the logical operation of an inverter 


Standard logic symbols for the inverter are shown in Figure 3—1. Part (a) shows the dis- 
tinctive shape symbols, and part (b) shows the rectangular outline symbols. In this text- 
book, distinctive shape symbols are generally used; however, the rectangular outline 
symbols are found in many industry publications, and you should become familiar with 
them as well. (Logic symbols are in accordance with ANSI/IEEE Standard 91-1984.) 


a 
> 


(a) Distinctive shape symbols (b) Rectangular outline symbols 
with negation indicators with polarity indicators 


» FIGURE 3-1 


Standard logic symbols for the 
inverter (ANSI/IEEE Std. 91-1984). 


The Negation and Polarity Indicators 


The negation indicator is a “bubble” (©) that indicates inversion or complementation when 
it appears on the input or output of any logic element, as shown in Figure 3—1(a) for the in- 
verter. Generally, inputs are on the left of a logic symbol and the output is on the right. When 
appearing on the input, the bubble means that a 0 is the active or asserted input state, and 
the input is called an active-LOW input. When appearing on the output, the bubble means 
that a O is the active or asserted output state, and the output is called an active-LOW output. 
The absence of a bubble on the input or output means that a | is the active or asserted state, 
and in this case, the input or output is called active-HIGH. 

The polarity or level indicator is a “triangle” (GK) that indicates inversion when it ap- 
pears on the input or output of a logic element, as shown in Figure 3—1(b). When appear- 
ing on the input, it means that a LOW level is the active or asserted input state. When 
appearing on the output, it means that a LOW level is the active or asserted output state. 

Either indicator (bubble or triangle) can be used both on distinctive shape symbols and 
on rectangular outline symbols. Figure 3—1(a) indicates the principal inverter symbols used 
in this text. Note that a change in the placement of the negation or polarity indicator does 
not imply a change in the way an inverter operates. 


Inverter Truth Table 


__ When a HIGH level is applied to an inverter input, a LOW level will appear on its output. 
E When a LOW level is applied to its input, a HIGH will appear on its output. This operation 
_ is summarized in Table 3-1, which shows the output for each possible input in terms of lev- 
_ els and corresponding bits. A table such as this is called a truth table. 
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Inverter Operation 


Figure 3—2 shows the output of an inverter for a pulse input, where f, and f, indicate the cor- 
responding points on the input and output pulse waveforms. 


When the input is LOW, the output is HIGH; when the input is HIGH, the output 
is LOW, thereby producing an inverted output pulse. 


HIGH (1) & HIGH (1) 
LOW (0) J L tate LOW (0) 
ty D) ty 9) 
Input pulse Output pulse 
& FIGURE 3-2 





Inverter operation with a pulse input. Open file FO3-02 to verify inverter operation. 


Timing Diagrams 


Recall from Chapter | that a timing diagram is basically a graph that accurately displays A timing diagram shows how two 
the relationship of two or more waveforms with respect to each other on a time basis. For or more waveforms relate in 
example, the time relationship of the output pulse to the input pulse in Figure 3—2 can be time. 

shown with a simple timing diagram by aligning the two pulses so that the occurrences 

of the pulse edges appear in the proper time relationship. The rising edge of the input 

pulse and the falling edge of the output pulse occur at the same time (ideally). Similarly, 

the falling edge of the input pulse and the rising edge of the output pulse occur at the same 

time (ideally). This timing relationship is shown in Figure 3—3. Timing diagrams are es- 

pecially useful for illustrating the time relationship of digital waveforms with multiple 

pulses. 


Input ol |b << FIGURE 3-3 
Timing diagram for the case in 
Output LE Figure 3-2. 





: EXAMPLE 3-1 
A waveform is applied to an inverter in Figure 3-4. Determine the output waveform 


corresponding to the input and show the timing diagram. According to the placement 
of the bubble, what is the active output state? 


l 
0 | | | | Input —)>— Output 


Solution The output waveform is exactly opposite to the input (inverted), as shown in Figure 3-5, 
which is the basic timing diagram. The active or asserted output state is 0. 


» FIGURE 3-4 
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Related Problem* 


Boolean algebra uses variables 
and operators to describe a logic 
circuit. 


» FIGURE 3-5 


If the inverter is shown with the negative indicator (bubble) on the input instead of the 
output, how is the timing diagram affected? 


“Answers are at the end of the chapter. 





al a ° ° 
Logic Expression for an Inverter 


In Boolean algebra, which is the mathematics of logic circuits and will be covered thor- 
oughly in Chapter 4, a variable is designated by a letter. The complement of a variable is 
designated by a bar over the letter. A variable can take on a value of either | or 0. If a given 
variable is 1, its complement is 0 and vice versa. 

The operation of an inverter (NOT circuit) can be expressed as follows: If the input vari- 
able is called A and the output variable is called X, then 


X=A 


This expression states that the output is the complement of the input, so if A = 0, then X = 
1, andif A = 1, then X = O. Figure 3-6 illustrates this. The complemented variable A can 
be read as “A bar” or “not A.” 


» FIGURE 3-6 
The inverter complements an input 


variable. 


lI 
>| 


_An Application 


Figure 3—7 shows a circuit for producing the 1’s complement of an 8-bit binary number. The 
bits of the binary number are applied to the inverter inputs and the 1’s complement of the 
number appears on the outputs. 


» FIGURE 3-7 Binary number 


Example of a 1’s complement circuit I 0 | 0 0 0 
using inverters. 
0 0 | 0 | I | 0 


1’s complement 
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SECTION 3-1 
REVIEW 1. When a 1 is on the input of an inverter, what is the output? 


Answers are at the end of the 2. An active HIGH pulse (HIGH level when asserted, LOW level when not) is required 


chapter. on an inverter input. 


(a) Draw the appropriate logic symbol, using the distinctive shape and the 
negation indicator, for the inverter in this application. 


(b) Describe the output when a positive-going pulse is applied to the input of an 


inverter. 





The AND gate is one of the basic gates that can be combined to form any logic function. 
An AND gate can have two or more inputs and performs what is known as logical 
multiplication. 


After completing this section, you should be able to 


= Identify an AND gate by its distinctive shape symbol or by its rectangular outline 
symbol ® Describe the operation of an AND gate ®™ Generate the truth table for an 
AND gate with any number of inputs ® Produce a timing diagram for an AND gate 
with any specified input waveforms ® Write the logic expression for an AND gate with 
any number of inputs ® Discuss examples of AND gate applications 


The term gate is used to describe a circuit that performs a basic logic operation. The 
AND gate is composed of two or more inputs and a single output, as indicated by the stan- 
dard logic symbols shown in Figure 3-8. Inputs are on the left, and the output is on the right 
in each symbol. Gates with two inputs are shown; however, an AND gate can have any num- 
ber of inputs greater than one. Although examples of both distinctive shape symbols and 
rectangular outline symbols are shown, the distinctive shape symbol, shown in part (a), is 
used predominantly in this book. 


A A 
BD ele 
B B 


(a) Distinctive shape (b) Rectangular outline with the 
AND (&) qualifying symbol 


A FIGURE 3-8 
Standard logic symbols for the AND gate showing two inputs (ANSI/IEEE Std. 91-1984). 


_Operation of an AND Gate 


An AND gate produces a HIGH output only when all of the inputs are HIGH. When any of 
the inputs is LOW, the output is LOW. Therefore, the basic purpose of an AND gate is to 
determine when certain conditions are simultaneously true, as indicated by HIGH levels on 
all of its inputs, and to produce a HIGH on its output to indicate that all these conditions are 
true. The inputs of the 2-input AND gate in Figure 3-8 are labeled A and B, and the output 
is labeled X. The gate operation can be stated as follows: 


For a 2-input AND gate, output X is HIGH only when inputs A and B are HIGH; 
X is LOW when either A or B is LOW, or when both A and B are LOW. 





3-2 THE AND GATE 





COMPUTER NOTE _—uces 





Logic gates are the building blocks 
of computers. Most of the functions 
in a computer, with the exception 
of certain types of memory, are 
implemented with logic gates used 
on avery large scale. For example, a 
microprocessor, which is the main 
part of a computer, is made up of 
hundreds of thousands or even 
millions of logic gates. 





An AND gate can have more 
than two inputs. 
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For an AND gate, all HIGH 
inputs make a HIGH output. 


Equation 3-1 


Figure 3-9 illustrates a 2-input AND gate with all four possibilities of input combina- 
tions and the resulting output for each. 


LOW (0) LOW (0) walt 
LOW (0) LOW (0) 

LOW (0) HIGH (1) 

HIGH (1) HIGH (1) 
LOW (0) HIGH (1) 

LOW (0) HIGH (1) 


4 FIGURE 3-9 
All possible logic levels for a 2-input AND gate. Open file F03-09 to verify AND gate operation. 


_AND Gate Truth Table 


The logical operation of a gate can be expressed with a truth table that lists all input com- 
binations with the corresponding outputs, as illustrated in Table 3—2 for a 2-input AND gate. 
The truth table can be expanded to any number of inputs. Although the terms HIGH and 
LOW tend to give a “physical” sense to the input and output states, the truth table is shown 
with 1s and Os; a HIGH is equivalent to a 1 and a LOW is equivalent to a 0 in positive logic. 
For any AND gate, regardless of the number of inputs, the output is HIGH only when all 
inputs are HIGH. 


» TABLE 3-2 
Truth table for a 2-input AND gate. 


INPUTS OUTPUT 
A B x 


LOW 





The total number of possible combinations of binary inputs to a gate is determined by 
the following formula: 


N= 2" 
where N is the number of possible input combinations and n is the number of input vari- 


ables. To illustrate, 


For two input variables: | N = 2” = 4 combinations 
For three input variables: N = 2° = 8 combinations 


For four input variables: _N = 2* = 16 combinations 


You can determine the number of input bit combinations for gates with any number of in- 
puts by using Equation 3-1. 


| EXAMPLE 3-2 


(a) Develop the truth table for a 3-input AND gate. 


(b) Determine the total number of possible input combinations for a 4-input AND gate. 


Solution (a) There are eight possible input combinations (2° = 8) for a 3-input AND gate. The 
input side of the truth table (Table 3—3) shows all eight combinations of three bits. 
The output side is all Os except when all three input bits are Is. 


INPUTS OUTPUT 
B x 


®» TABLE 3-3 







> 


pene cee tI cone nee I GD GD a GED a GED 
eres ETE cet ak OU eee ET tel ee ea RE Ye QD 


(b) N = 2* = 16. There are 16 possible combinations of input bits for a 4-input 


AND gate. 


Related Problem Develop the truth table for a 4-input AND gate. 





Operation with Waveform Inputs 


In most applications, the inputs to a gate are not stationary levels but are voltage waveforms 
that change frequently between HIGH and LOW logic levels. Now let’s look at the opera- 
tion of AND gates with pulse waveform inputs, keeping in mind that an AND gate obeys 
the truth table operation regardless of whether its inputs are constant levels or levels that 
change back and forth. 

Let’s examine the waveform operation of an AND gate by looking at the inputs with re- 
spect to each other in order to determine the output level at any given time. In Figure 3-10, 
inputs A and B are both HIGH (1) during the time interval, t;, making output X HIGH (1) 
during this interval. During time interval t,, input A is LOW (0) and input B is HIGH (1), 
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“ FIGURE 3-10 

Example of AND gate operation 
with a timing diagram showing input 
and output relationships. 
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so the output is LOW (0). During time interval ¢,, both inputs are HIGH (1) again, and there- 
fore the output is HIGH (1). During time interval t,, input A is HIGH (1) and input B is 
LOW (0), resulting in a LOW (0) output. Finally, during time interval t;, input A is LOW 
(0), input B is LOW (0), and the output is therefore LOW (0). As you know, a diagram of 
input and output waveforms showing time relationships is called a timing diagram. 


: EXAMPLE 3-3 
If two waveforms, A and B, are applied to the AND gate inputs as in Figure 3-11, 


what is the resulting output waveform? 








A and B are both HIGH during these four time intervals. 
Therefore X is HIGH. 


4 FIGURE 3-11 


Solution The output waveform X is HIGH only when both A and B waveforms are HIGH as 
shown in the timing diagram in Figure 3-11. 


Related Problem Determine the output waveform and show a timing diagram if the second and fourth 
pulses in waveform A of Figure 3-11 are replaced by LOW levels. 





Remember, when analyzing the waveform operation of logic gates, it is important to pay 


careful attention to the time relationships of all the inputs with respect to each other and to 
the output. 











EXAMPLE 3-4 
For the two input waveforms, A and B, in Figure 3-12, show the output waveform 
with its proper relation to the inputs. 


, HIGH 

Leer Cee Se a oe eee r 
z HIGH B 
| 
| 
| 
| 
HIGH | 

t fice A ie 
Output X LOW 


4 FIGURE 3-12 


Inputs 
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Solution The output waveform is HIGH only when both of the input waveforms are HIGH as 
shown in the timing diagram. 


Related Problem Show the output waveform if the B input to the AND gate in Figure 3—12 is always 


HIGH. 





EXAMPLE 3-5 
For the 3-input AND gate in Figure 3—13, determine the output waveform in relation 
to the inputs. 


A FIGURE 3-13 


Solution The output waveform X of the 3-input AND gate is HIGH only when all three input 
waveforms A, B, and C are HIGH. 


Related Problem What is the output waveform of the AND gate in Figure 3-13 if the C input is 
always HIGH? 





_ Logic Expressions for an AND Gate 





The logical AND function of two variables is represented mathematically either by placing BS Snedlabah wabadeles 


a dot between the two variables, as A - B, or by simply writing the adjacent letters without 
the dot, as AB. We will normally use the latter notation because it is easier to write. 

Boolean multiplication follows the same basic rules governing binary multiplication, 
which were discussed in Chapter 2 and are as follows: 


Computers can utilize all of the 
basic logic operations when it is 
necessary to selectively 
manipulate certain bits in one or 
more bytes of data. Selective bit 
manipulations are done with a 





oe i ; mask. For example, to clear 
g (make all Os) the right four bits in 
if a: : a data byte but keep the left four 


bits, ANDing the data byte with 
11110000 will do the job. Notice 
that any bit ANDed with zero will 
be 0 and any bit ANDed with 1 
will remain the same. If 10101010 
is ANDed with the mask 
11110000, the result is 10100000. 


Boolean multiplication is the same as the AND function. 


The operation of a 2-input AND gate can be expressed in equation form as follows: If one 
input variable is A, the other input variable is B, and the output variable is X, then the 
Boolean expression 1s 


xX = AB 
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When variables are shown 
together like ABC, they are 
ANDed. 


Figure 3—14(a) shows the AND gate logic symbol with two input variables and the output 
variable indicated. 


Qa 


A . 
X=AB X = ABC Ce X = ABCD 
B dD 


(a) (b) (c) 


4 FIGURE 3-14 


Boolean expressions for AND gates with two, three, and four inputs. 


To extend the AND expression to more than two input variables, simply use a new let- 
ter for each input variable. The function of a 3-input AND gate, for example, can be ex- 
pressed as X = ABC, where A, B, and C are the input variables. The expression for a 4-input 
AND gate can be X = ABCD, and so on. Parts (b) and (c) of Figure 3-14 show AND gates 
with three and four input variables, respectively. 

You can evaluate an AND gate operation by using the Boolean expressions for the 
output. For example, each variable on the inputs can be either a 1 or a 0; so for the 2- 
input AND gate, make substitutions in the equation for the output, X = AB, as shown in 
Table 3—4. This evaluation shows that the output X of an AND gate is a 1 (HIGH) only 
when both inputs are 1s (HIGHs). A similar analysis can be made for any number of in- 
put variables. 


®» TABLE 3-4 





Applications 


The AND Gate as an Enable/Inhibit Device A common application of the AND gate is 
to enable (that is, to allow) the passage of a signal (pulse waveform) from one point to an- 
other at certain times and to inhibit (prevent) the passage at other times. 

A simple example of this particular use of an AND gate is shown in Figure 3—15, where 
the AND gate controls the passage of a signal (waveform A) to a digital counter. The pur- 
pose of this circuit is to measure the frequency of waveform A. The enable pulse has a width 
of precisely 1 s. When the enable pulse is HIGH, waveform A passes through the gate to the 
counter; and when the enable pulse is LOW, the signal is prevented from passing through 
the gate (inhibited). 

During the 1 second (1 s) interval of the enable pulse, pulses in waveform A pass 
through the AND gate to the counter. The number of pulses passing through during the 
1 s interval is equal to the frequency of waveform A. For example, Figure 3-15 shows 
six pulses in one second, which is a frequency of 6 Hz. If 1000 pulses pass through 
the gate in the | s interval of the enable pulse, there are 1000 pulses/s, or a frequency of 
1000 Hz. 

The counter counts the number of pulses per second and produces a binary output that 
goes to a decoding and display circuit to produce a readout of the frequency. The enable 


J 1s 


ne Counter 
Seite awl Oe 


I< 1s —> 





Register, 
decoder, 
and 
frequency 
display 





Reset to zero 
between enable pulses. 







4 FIGURE 3-15 


An AND gate performing an enable/inhibit function for a frequency counter. 


pulse repeats at certain intervals and a new updated count is made so that if the frequency 
changes, the new value will be displayed. Between enable pulses, the counter is reset so that 
it starts at zero each time an enable pulse occurs. The current frequency count is stored in 
a register so that the display is unaffected by the resetting of the counter. 


A Seat Belt Alarm System In Figure 3-16, an AND gate is used in a simple automobile 
seat belt alarm system to detect when the ignition switch is on and the seat belt is unbuck- 
led. If the ignition switch is on, a HIGH is produced on input A of the AND gate. If the seat 
belt is not properly buckled, a HIGH is produced on input B of the AND gate. Also, when 
the ignition switch is turned on, a timer is started that produces a HIGH on input C for 
30 s. If all three conditions exist—that is, if the ignition is on and the seat belt is unbuck- 
led and the timer is running—the output of the AND gate is HIGH, and an audible alarm is 
energized to remind the driver. 


HIGH = On Ignition 
LOW. = Off switch 






Audible 
alarm 
circuit 


HIGH = Unbuckled = Seat 
LOW = Buckled belt 








HIGH activates 
alarm. 


Ignition on = HIGH for 30s 


& FIGURE 3-16 


A simple seat belt alarm circuit using an AND gate. 


| | SECTION 3-2 | 
| Treview 1. When is the output of an AND gate HIGH? | 


2. When is the output of an AND gate LOW? 
3. Describe the truth table for a 5-input AND gate. 
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3-3 THE OR GATE 


An OR gate can have more than 
two inputs. 





The OR gate is another of the basic gates from which all logic functions are 
constructed. An OR gate can have two or more inputs and performs what is known as 
logical addition. 


After completing this section, you should be able to 


= Identify an OR gate by its distinctive shape symbol or by its rectangular outline 
symbol ® Describe the operation of an OR gate ™ Generate the truth table for an OR 
gate with any number of inputs ™ Produce a timing diagram for an OR gate with any 
specified input waveforms ®™ Write the logic expression for an OR gate with any 
number of inputs ® Discuss examples of OR gate applications 


An OR gate has two or more inputs and one output, as indicated by the standard logic 
symbols in Figure 3—17, where OR gates with two inputs are illustrated. An OR gate can 
have any number of inputs greater than one. Although both distinctive shape and rectan- 
gular outline symbols are shown, the distinctive shape OR gate symbol is used in this 
textbook. 


» FIGURE 3-17 


ca Aer ae pe Le A A = 
Standard logic symbols for the OR : _) > x . ——— 


gate showing two inputs (ANSI/IEEE 


Std. 91-1984). (a) Distinctive shape (b) Rectangular outline with the 
OR (2 1) qualifying symbol 


Operation of an OR Gate 


An OR gate produces a HIGH on the output when any of the inputs is HIGH. The output is 
LOW only when all of the inputs are LOW. Therefore, an OR gate determines when one or 
more of its inputs are HIGH and produces a HIGH on its output to indicate this condition. 
The inputs of the 2-input OR gate in Figure 3-17 are labeled A and B, and the output is la- 
beled X. The operation of the gate can be stated as follows: 


For a 2-input OR gate, output X is HIGH when either input A or input B is HIGH, 
or when both A and B are HIGH; X is LOW only when both A and B are LOW. 


The HIGH level is the active or asserted output level for the OR gate. Figure 3—18 illus- 
trates the operation for a 2-input OR gate for all four possible input combinations. 


LOW (0) LOW (0) 
LOW (0) HIGH (1) 

LOW (0) HIGH (1) 

HIGH (1) HIGH (1) 
: HIGH (1) HIGH (1) 

LOW (0) HIGH (1) 


4 FIGURE 3-18 
All possible logic levels for a 2-input OR gate. Open file F03-18 to verify OR gate operation. 
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-OR Gate Truth Table 

The operation of a 2-input OR gate is described in Table 3—5. This truth table can be ex-_ For an OR gate, at least one 
panded for any number of inputs; but regardless of the number of inputs, the outputis HIGH HIGH input makes a HIGH 
when one or more of the inputs are HIGH. output. 


«@ TABLE 3-5 


oe Truth table for a 2-input OR gate. 


1 = HIGH, 0 = LOW 





_ Operation with Waveform Inputs 


Now let’s look at the operation of an OR gate with pulse waveform inputs, keeping in mind 
its logical operation. Again, the important thing in the analysis of gate operation with 
pulse waveforms is the time relationship of all the waveforms involved. For example, in 
Figure 3-19, inputs A and B are both HIGH (1) during time interval t,, making output X 
HIGH (1). During time interval ¢,, input A is LOW (0), but because input B is HIGH (1), 
the output is HIGH (1). Both inputs are LOW (0) during time interval f;, so there is a LOW 
(O) output during this time. During time interval t,, the output is HIGH (1) because input A 
is HIGH (1). 


x I l 0 | 


& FIGURE 3-19 


Example of OR gate operation with a timing diagram showing input and output time relationships. 


In this illustration, we have applied the truth table operation of the OR gate to each of 
the time intervals during which the levels are nonchanging. Examples 3—6 through 3-8 fur- 
ther illustrate OR gate operation with waveforms on the inputs. 
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EXAMPLE 3-6 


Solution 


Related Problem 





EXAMPLE 3-7 


Solution 


Related Problem 





If the two input waveforms, A and B, in Figure 3—20 are applied to the OR gate, what 
is the resulting output waveform? 


Output X | | | | | | | | 


a 
When either input or both inputs are HIGH, 
the output is HIGH. 


A FIGURE 3-20 


The output waveform X of a 2-input OR gate is HIGH when either or both input 
waveforms are HIGH as shown in the timing diagram. In this case, both input 
waveforms are never HIGH at the same time. 


Determine the output waveform and show the timing diagram if input A is changed 
such that it is HIGH from the beginning of the existing first pulse to the end of the 
existing second pulse. 


For the two input waveforms, A and B, in Figure 3—21, show the output waveform 
with its proper relation to the inputs. 


| | , | | 
| | | | 

Inputs | | | 
. a | | l : l 
re rl l 

| l | | | 

Output X | | | 


A FIGURE 3-21 


When either or both input waveforms are HIGH, the output is HIGH as shown by the 
output waveform X in the timing diagram. 


Determine the output waveform and show the timing diagram if the middle pulse of 
input A is replaced by a LOW level. 
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EXAMPLE 3-8 


For the 3-input OR gate in Figure 3—22, determine the output waveform in proper time 
relation to the inputs. 





& FIGURE 3-22 


Solution The output is HIGH when one or more of the input waveforms are HIGH as indicated 
by the output waveform X in the timing diagram. 


Related Problem Determine the output waveform and show the timing diagram if input C is always LOW. 


_ Logic Expressions for an OR Gate 


The logical OR function of two variables is represented mathematically bya + between the When variables are separated by 
two variables, for example, A + B. +, they are ORed. 

Addition in Boolean algebra involves variables whose values are either binary 1 or bi- 
nary 0. The basic rules for Boolean addition are as follows: 


0+0= 
O+1= 
l+0 = 
Lend 


— — ei C 


Boolean addition is the same as the OR function. 


Notice that Boolean addition differs from binary addition in the case where two Is are 
added. There is no carry in Boolean addition. 

The operation of a 2-input OR gate can be expressed as follows: If one input variable is A, 
if the other input variable is B, and if the output variable is X, then the Boolean expression is 


A=A+B 


Figure 3—23(a) shows the OR gate logic symbol with two input variables and the output 
variable labeled. 


A A 
Dee ee 
B C 


(a) (b) (c) 


— K=A+B+C 4D 


SAS 


& FIGURE 3-23 


Boolean expressions for OR gates with two, three, and four inputs. 
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COMPUTER NOTE 


Another mask operation t 
used in computer programming to 
selectively make certain bits in a 
data byte equal to 1 (called 
setting) while not affecting any 
other bit is done with the OR 
operation. A mask is used that 
contains a 1 in any position where 
a data bit is to be set. For 
example, if you want to force the 
most significant bit in a data byte 
to equal 1, but leave all other bits 
unchanged, you can OR the data 
byte with the mask 10000000. 






To extend the OR expression to more than two input variables, a new letter is used for 
each additional variable. For instance, the function of a 3-input OR gate can be expressed 
as X = A + B + C. The expression for a 4-input OR gate can be written as X = A+ B+ 
C + D, and so on. Parts (b) and (c) of Figure 3-23 show OR gates with three and four in- 
put variables, respectively. 

OR gate operation can be evaluated by using the Boolean expressions for the output X 
by substituting all possible combinations of | and O values for the input variables, as shown 
in Table 3-6 for a 2-input OR gate. This evaluation shows that the output X of an OR gate 
is a 1 (HIGH) when any one or more of the inputs are 1 (HIGH). A similar analysis can be 
extended to OR gates with any number of input variables. 





> TABLE 3-6 
A B A+B=X 
0) 0 
0 1 
] 0 
] ] 

An Application 


A simplified portion of an intrusion detection and alarm system is shown in Figure 3-24. 
This system could be used for one room in a home—a room with two windows and a door. 
The sensors are magnetic switches that produce a HIGH output when open and a LOW out- 
put when closed. As long as the windows and the door are secured, the switches are closed 
and all three of the OR gate inputs are LOW. When one of the windows or the door is 
opened, a HIGH is produced on that input to the OR gate and the gate output goes HIGH. 
It then activates and latches an alarm circuit to warn of the intrusion. 


» FIGURE 3-24 Open door/window 

A simplified intrusion detection ical 

system using an OR gate. HIGH = Open 
LOW = Closed 







HIGH activates 
alarm. 


Alarm 
circuit 





| SECTION 3-3 | 
| REVIEW 1. When is the output of an OR gate HIGH? 


2. When is the output of an OR gate LOW? | 
3. Describe the truth table for a 3-input OR gate. | 
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The NAND gate is a popular logic element because it can be used as a universal gate; 
that is, NAND gates can be used in combination to perform the AND, OR, and inverter 
operations. The universal property of the NAND gate will be examined thoroughly in 
Chapter 5. 


After completing this section, you should be able to 


= Identify a NAND gate by its distinctive shape symbol or by its rectangular outline 
symbol ™ Describe the operation of a NAND gate ™ Develop the truth table for a 
NAND gate with any number of inputs ™ Produce a timing diagram for a NAND gate 
with any specified input waveforms ™ Write the logic expression for a NAND gate with 
any number of inputs ™ Describe NAND gate operation in terms of its negative-OR 
equivalent ™ Discuss examples of NAND gate applications 


The term NAND is a contraction of NOT-AND and implies an AND function 
with a complemented (inverted) output. The standard logic symbol for a 2-input 
NAND gate and its equivalency to an AND gate followed by an inverter are shown in 
Figure 3—25(a), where the symbol = means equivalent to. A rectangular outline sym- 
bol is shown in part (b). 


A r A & 
| ye X = X ne 
B B B 


(a) Distinctive shape, 2-input NAND gate and its (b) Rectangular outline, 2-input NAND 
NOT/AND equivalent gate with polarity indicator 


& FIGURE 3-25 
Standard NAND gate logic symbols (ANSI/IEEE Std. 91-1984). 


Operation of a NAND Gate 


A NAND gate produces a LOW output only when all the inputs are HIGH. When any of 
the inputs is LOW, the output will be HIGH. For the specific case of a 2-input NAND gate, 
as shown in Figure 3—25 with the inputs labeled A and B and the output labeled X, the op- 
eration can be stated as follows: 


For a 2-input NAND gate, output X is LOW only when inputs A and B are HIGH; 
X is HIGH when either A or B is LOW, or when both A and B are LOW. 


Note that this operation is opposite that of the AND in terms of the output level. Ina NAND 
gate, the LOW level (0) is the active or asserted output level, as indicated by the bubble on 
the output. Figure 3—26 illustrates the operation of a 2-input NAND gate for all four input 
combinations, and Table 3—7 is the truth table summarizing the logical operation of the 2- 
input NAND gate. 


The NAND is the same as the 
AND except the output is 
inverted. 
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HIGH (1) HIGH (1) 
LOW (0) HIGH (1) 
HIGH (1) HIGH (1) 
LOW (0) HIGH (1) 


A FIGURE 3-26 
Operation of a 2-input NAND gate. Open file F03-26 to verify NAND gate operation. 








» TABLE 3-7 
Truth table for a 2-input NAND re aay 
A B X 
gate. : _ 
0 0 i 
0 ] 1 
1 0 1 
] i 0 


= HIGH, 0 = LOW. 





Operation with Waveform Inputs 


Now let’s look at the pulse waveform operation of a NAND gate. Remember from the truth 
table that the only time a LOW output occurs is when all of the inputs are HIGH. 


: EXAMPLE 3-9 
If the two waveforms A and B shown in Figure 3—27 are applied to the NAND gate 


inputs, determine the resulting output waveform. 















Bubble indicates 
an active-LOW 
output. 







oe “See Se a 
A and B are both HIGH during these 
four time intervals. Therefore X is LOW. 


& FIGURE 3-27 


Solution Output waveform X is LOW only during the four time intervals when both input 
waveforms A and B are HIGH as shown in the timing diagram. 


Related Problem Determine the output waveform and show the timing diagram if input waveform B is 
inverted. 





THE NAND GATE #® 131 


EXAMPLE 3-10 
Show the output waveform for the 3-input NAND gate in Figure 3—28 with its proper 
time relationship to the inputs. 


A FIGURE 3-28 


Solution The output waveform X is LOW only when all three input waveforms are HIGH as 
shown in the timing diagram. 


Related Problem Determine the output waveform and show the timing diagram if input waveform A 1s 
inverted. 





Negative-OR Equivalent Operation of a NAND Gate Inherent ina NAND gate’s oper- 
ation is the fact that one or more LOW inputs produce a HIGH output. Table 3—7 shows that 
output X is HIGH (1) when any of the inputs, A and B, is LOW (0). From this viewpoint, a 
NAND gate can be used for an OR operation that requires one or more LOW inputs to pro- 
duce a HIGH output. This aspect of NAND operation is referred to as negative-OR. The 
term negative in this context means that the inputs are defined to be in the active or asserted 
state when LOW. 


For a 2-input NAND gate performing a negative-OR operation, output X is HIGH 
when either input A or input B is LOW, or when both A and B are LOW. 


When a NAND gate is used to detect one or more LOWs on its inputs rather than all 
HIGHs, it is performing the negative-OR operation and is represented by the standard logic 
symbol shown in Figure 3—29. Although the two symbols in Figure 3—29 represent the same 
physical gate, they serve to define its role or mode of operation in a particular application, 
as illustrated by Examples 3-11 through 3—13. 


—{»— ms “J >— << FIGURE 3-29 
alk Standard symbols representing the 
NAND Negative-OR two equivalent operations of a 
NAND gate. 
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: EXAMPLE 3-11 
A manufacturing plant uses two tanks to store certain liquid chemicals that are 


required in a manufacturing process. Each tank has a sensor that detects when the 
chemical level drops to 25% of full. The sensors produce a HIGH level of 5 V when 
the tanks are more than one-quarter full. When the volume of chemical in a tank drops 
to one-quarter full, the sensor puts out a LOW level of 0 V. 

It is required that a single green light-emitting diode (LED) on an indicator panel 
show when both tanks are more than one-quarter full. Show how a NAND gate can be 
used to implement this function. 


Solution Figure 3-30 shows a NAND gate with its two inputs connected to the tank level 
sensors and its output connected to the indicator panel. The operation can be stated as 
follows: If tank A and tank B are above one-quarter full, the LED is on. 


Level sensor 


Y). 


HIGH x 
e LOW _| Green light 
HIGH UACBIES both 
tanks are 
greater than 
1/4 full. 





Level sensor 
A FIGURE 3-30 


As long as both sensor outputs are HIGH (5 V), indicating that both tanks are more 
than one-quarter full, the NAND gate output is LOW (0 V). The green LED circuit is 
arranged so that a LOW voltage turns it on. 


Related Problem How can the circuit of Figure 3-30 be modified to monitor the levels in three tanks 
rather than two? 


| EXAMPLE 3-12 
The supervisor of the manufacturing process described in Example 3—11 has decided 


that he would prefer to have a red LED display come on when at least one of the tanks 
falls to the quarter-full level rather than have the green LED display indicate when 
both are above one quarter. Show how this requirement can be implemented. 





Solution Figure 3-31 shows a NAND gate operating as a negative-OR gate to detect the 
occurrence of at least one LOW on its inputs. A sensor puts out a LOW voltage if the 
volume in its tank goes to one-quarter full or less. When this happens, the gate output 
goes HIGH. The red LED circuit in the panel is arranged so that a HIGH voltage turns 
it on. The operation can be stated as follows: If tank A or tank B or both are below 
one-quarter full, the LED is on. 


Related Problem 


A FIGURE 3-31 
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HIGH 


G HIGH 
12 


LOW a Red light 
¥). indicates 
one or both 
tanks are less 
than 1/4 full. 


Notice that, in this example and in Example 3—11, the same 2-input NAND gate is 
used, but a different gate symbol is used in the schematic, illustrating the different way 
in which the NAND and equivalent negative-OR operations are used. 


How can the circuit in Figure 3—31 be modified to monitor four tanks rather than two? 





EXAMPLE 3-13 


Solution 


Related Problem 


For the 4-input NAND gate in Figure 3—32, operating as a negative-OR, determine the 
output with respect to the inputs. 


A FIGURE 3-32 


Bubbles indicate 
active-LOW inputs. 


The output waveform X is HIGH any time an input waveform is LOW as shown in the 
timing diagram. 


Determine the output waveform if input waveform A is inverted before it is applied to 


the gate. 
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A bar over a variable or variables 


indicates an inversion. 


3-5 


THE NOR GATE 


Logic Expressions for a NAND Gate 
The Boolean expression for the output of a 2-input NAND gate is 
X = AB 


This expression says that the two input variables, A and B, are first ANDed and then 
complemented, as indicated by the bar over the AND expression. This is a description 
in equation form of the operation of a NAND gate with two inputs. Evaluating this ex- 


pression for all possible values of the two input variables, you get the results shown in 
Table 3-8. 





TABLE 3-8 ca o 
0 0 00 = 0-4 
0 | Gl] 04) 
I 0 0 =6 21 
I I ii] = 0 


lon 
ig Se 
\| 


Once an expression is determined for a given logic function, that function can be evalu- 
ated for all possible values of the variables. The evaluation tells you exactly what the out- 
put of the logic circuit is for each of the input conditions, and it therefore gives you a 
complete description of the circuit’s logic operation. The NAND expression can be ex- 
tended to more than two input variables by including additional letters to represent the other 
variables. 


1. When is the output of a NAND gate LOW? 
2. When is the output of a NAND gate HIGH? 


3. Describe the functional differences between a NAND gate and a negative-OR 
gate. Do they both have the same truth table? 


4. Write the output expression for a NAND gate with inputs A, B, and C. 


The NOR gate, like the NAND gate, is a useful logic element because it can also be 
used as a universal gate; that is, NOR gates can be used in combination to perform the 
AND, OR, and inverter operations. The universal property of the NOR gate will be 
examined thoroughly in Chapter 5. 


After completing this section, you should be able to 


= Identify a NOR gate by its distinctive shape symbol or by its rectangular outline 
symbol ® Describe the operation of a NOR gate ™ Develop the truth table for a NOR 
gate with any number of inputs ® Produce a timing diagram for a NOR gate with any 
specified input waveforms ® Write the logic expression for a NOR gate with any 
number of inputs ® Describe NOR gate operation in terms of its negative-AND 
equivalent ™ Discuss examples of NOR gate applications 


The term NOR is a contraction of NOT-OR and implies an OR function with an inverted 
(complemented) output. The standard logic symbol for a 2-input NOR gate and its equiva- 
lent OR gate followed by an inverter are shown in Figure 3—33(a). A rectangular outline 
symbol is shown in part (b). 


A A A >] 
_) >» x = X = 
B B B 


(a) Distinctive shape, 2-input NOR gate and its NOT/OR (b) Rectangular outline, 2-input 
equivalent NOR gate with polarity indicator 


& FIGURE 3-33 
Standard NOR gate logic symbols (ANSI/IEEE Std. 91-1984). 


Operation of a NOR Gate 


A NOR gate produces a LOW output when any of its inputs is HIGH. Only when all of its 
inputs are LOW is the output HIGH. For the specific case of a 2-input NOR gate, as shown 
in Figure 3—33 with the inputs labeled A and B and the output labeled X, the operation can 
be stated as follows: 


For a 2-input NOR gate, output X is LOW when either input A or input B is HIGH, 
or when both A and B are HIGH; X is HIGH only when both A and B are LOW. 


This operation results in an output level opposite that of the OR gate. In a NOR gate, the 
LOW output is the active or asserted output level as indicated by the bubble on the output. 
Figure 3—34 illustrates the operation of a 2-input NOR gate for all four possible input com- 
binations, and Table 3-9 is the truth table for a 2-input NOR gate. 


LOW (0) | LOW (0) 
HIGH (1) LOW (0) 
LOW (0) HIGH (1) 
HIGH (1) : HIGH (1) 
LOW (0) LOW (0) 
LOW (0) HIGH (1) 


A FIGURE 3-34 
Operation of a 2-input NOR gate. Open file F03-34 to verify NOR gate operation. 


<« TABLE 3-9 


INPUTS OUTPUT |) (iin 
A B x : Truth table for a 2-input NOR gate. 


0 0 | 
0 i 0 
] 0 0 
] 1 0 


1 = HIGH, 0 = LOW. 


Operation with Waveform Inputs 


The next two examples illustrate the operation of a NOR gate with pulse waveform inputs. 
Again, as with the other types of gates, we will simply follow the truth table operation to 
determine the output waveforms in the proper time relationship to the inputs. 
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The NOR is the same as the OR 


except the output is inverted. 
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EXAMPLE 3-14 


If the two waveforms shown in Figure 3-35 are applied to a NOR gate, what is the 
resulting output waveform? 


4 FIGURE 3-35 
Solution Whenever any input of the NOR gate is HIGH, the output is LOW as shown by the 
output waveform X in the timing diagram. 


Related Problem Invert input B and determine the output waveform in relation to the inputs. 


| EXAMPLE 3-15 
Show the output waveform for the 3-input NOR gate in Figure 3—36 with the proper 


time relation to the inputs. 











A FIGURE 3-36 


Solution The output X is LOW when any input is HIGH as shown by the output waveform X in 
the timing diagram. 






Related Problem With the B and C inputs inverted, determine the output and show the timing diagram. 






Negative-AND Equivalent Operation of the NOR Gate A NOR gate, like the 
NAND, has another aspect of its operation that is inherent in the way it logically func- 
tions. Table 3—9 shows that a HIGH is produced on the gate output only when all of the 
inputs are LOW. From this viewpoint, a NOR gate can be used for an AND operation 
that requires all LOW inputs to produce a HIGH output. This aspect of NOR operation 
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is called negative-AND. The term negative in this context means that the inputs are de- 
fined to be in the active or asserted state when LOW. 


For a 2-input NOR gate performing a negative-AND operation, output X is HIGH 
only when both inputs A and B are LOW. 


When a NOR gate is used to detect all LOWs on its inputs rather than one or more 
HIGHs, it is performing the negative-AND operation and is represented by the standard 
symbol in Figure 3—37. It is important to remember that the two symbols in Figure 3—37 
represent the same physical gate and serve only to distinguish between the two modes of its 
operation. The following three examples illustrate this. 


_) >» 2 @ FIGURE 3-37 
Standard symbols representing the 


NOR Negative-AND two equivalent operations of a NOR 
gate. 


| EXAMPLE 3-16 
A device is needed to indicate when two LOW levels occur simultaneously on its 


inputs and to produce a HIGH output as an indication. Specify the device. 


Solution A 2-input NOR gate operating as a negative-AND gate is required to produce a HIGH 
output when both inputs are LOW, as shown in Figure 3-38. 


HIGH 
LOW 


Related Problem A device is needed to indicate when one or two HIGH levels occur on its inputs and to 
produce a LOW output as an indication. Specify the device. 


» FIGURE 3-38 





A NY NY er TA ep Pe ns et tse 


| EXAMPLE 3-17 
As part of an aircraft’s functional monitoring system, a circuit is required to indicate 


the status of the landing gears prior to landing. A green LED display turns on if all 
three gears are properly extended when the “gear down” switch has been activated in 
preparation for landing. A red LED display turns on if any of the gears fail to extend 
properly prior to landing. When a landing gear is extended, its sensor produces a LOW 
voltage. When a landing gear is retracted, its sensor produces a HIGH voltage. 
Implement a circuit to meet this requirement. 


Solution Power is applied to the circuit only when the “gear down” switch is activated. Use a 
NOR gate for each of the two requirements as shown in Figure 3-39. One NOR gate 
operates as a negative-AND to detect a LOW from each of the three landing gear 
sensors. When all three of the gate inputs are LOW, the three landing gears are 
properly extended and the resulting HIGH output from the negative-AND gate turns 
on the green LED display. The other NOR gate operates as a NOR to detect if one or 
more of the landing gears remain retracted when the “gear down” switch is activated. 
When one or more of the landing gears remain retracted, the resulting HIGH from the 
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sensor is detected by the NOR gate, which produces a LOW output to turn on the red 


LED warning display. 
+V 
Landing gear sensors O 
Extended = LOW 
Retracted = HIGH y). Red LED 


“ Gear retracted 





¥) Green LED 
* All gear extended 


A FIGURE 3-39 


Related Problem What type of gate should be used to detect if all three landing gears are retracted after 
takeoff, assuming a LOW output is required to activate an LED display? 





Jearnerarnmenamsnnnnamn conn ncsanavenssintanmmnspuianuniesererenscenareasanrannernsnensnninahansermianstanrisannimasnaaanemnmtsesesnnrsaruesente merneemn maminnsranennne pra 


When driving a load such as an LED with a logic gate, consult the manufacturer's data 
sheet for maximum drive capabilities (output current). A regular IC logic gate may not be 
capable of handling the current required by certain loads such as some LEDs. Logic gates 
with a buffered output, such as an open-collector (OC) or open-drain (OD) output, are 
available in many types of IC logic gate configurations. The output current capability of 
typical IC logic gates is limited to the A or relatively low mA range. For example, stan- 
dard TIL can handle output currents up to 16 mA. Most LEDs require currents in the range 
of about 10 mA to 50 mA. 









EXAMPLE 3-18 





For the 4-input NOR gate operating as a negative-AND in Figure 3-40, determine the 
output relative to the inputs. 


Siksmlh pneu! @ cavern, 


in -— 


x | | 


A FIGURE 3-40 


SaAw> 
be 


THE EXCLUSIVE-OR AND EXCLUSIVE-NOR GATES ® 139 


Solution Any time all of the input waveforms are LOW, the output is HIGH as shown by output 
waveform X in the timing diagram. 





Related Problem Determine the output with input D inverted and show the timing diagram. | 


Logic Expressions for a NOR Gate 
The Boolean expression for the output of a 2-input NOR gate can be written as 
X=A+B 


This equation says that the two input variables are first ORed and then complemented, as 
indicated by the bar over the OR expression. Evaluating this expression, you get the results 
shown in Table 3—10. The NOR expression can be extended to more than two input vari- 
ables by including additional letters to represent the other variables. 


“ TABLE 3-10 





2. When is the output of a NOR gate LOW? 


3. Describe the functional difference between a NOR gate and a negative-AND gate. 
Do they both have the same truth table? 


| [SECTION 3-5 | 
| TREVIEW 1. When is the output of a NOR gate HIGH? : 


4. Write the output expression for a 3-input NOR with input variables A, B, and C. 


3-6 THE EXCLUSIVE-OR AND EXCLUSIVE-NOR GATES 


Exclusive-OR and exclusive-NOR gates are formed by a combination of other gates 
already discussed, as you will see in Chapter 5. However, because of their fundamental 
importance in many applications, these gates are often treated as basic logic elements 
with their own unique symbols. 


After completing this section, you should be able to 


= Identify the exclusive-OR and exclusive-NOR gates by their distinctive shape 
symbols or by their rectangular outline symbols ® Describe the operations of exclusive- 
OR and exclusive-NOR gates ™ Show the truth tables for exclusive-OR and exclusive- 
NOR gates ® Produce a timing diagram for an exclusive-OR or exclusive-NOR gate 
with any specified input waveforms ® Discuss examples of exclusive-OR and 
exclusive-NOR gate applications 
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COMPUTER NOTE 





subtraction, multiplication, 


NOT logic. 


Exclusive-OR gates connected to 
form an adder circuit allow a 
computer to perform addition, 


reg ae 
cones non 


and 


division in its Arithmetic Logic 
Unit (ALU). An exclusive-OR gate 
combines basic AND, OR, and 


For an exclusive-OR gate, 
opposite inputs make the output 


HIGH. 


» FIGURE 3-42 


All possible logic levels for an 


exclusive-OR gate. Open file F03-42 





EXAMPLE 3-19 


to verify XOR gate operation. 


Solution 


The Exclusive-OR Gate 


Standard symbols for an exclusive-OR (XOR for short) gate are shown in Figure 3-41. The 
XOR gate has only two inputs. 


A A =] 


(a) Distinctive shape (b) Rectangular outline with the XOR 


A FIGURE 3-41 
Standard logic symbols for the exclusive-OR gate. 


The output of an exclusive-OR gate is HIGH only when the two inputs are at opposite 
logic levels. This operation can be stated as follows with reference to inputs A and B and 
output X: 


For an exclusive-OR gate, output X is HIGH when input A is LOW and input B is 
HIGH, or when input A is HIGH and input B is LOW; X is LOW when A and B 
are both HIGH or both LOW. 


The four possible input combinations and the resulting outputs for an XOR gate are il- 
lustrated in Figure 3-42. The HIGH level is the active or asserted output level and occurs 
only when the inputs are at opposite levels. The operation of an XOR gate is summarized 
in the truth table shown in Table 3-11. 


LOW (0) . LOW (0) 
LOW (0) >— ree HIGH (1) Dp hte 
wei —) >— HIGH (1) ees —)) >- LOW (0) 
LOW (0) HIGH (1) : 


®» TABLE 3-11 


INPUTS 


Truth table for an exclusive-OR gate. 





A B 


Pde OS 
—_a © — © 
: oo = oS © 


A certain system contains two identical circuits operating in parallel. As long as both 
are operating properly, the outputs of both circuits are always the same. If one of the 
circuits fails, the outputs will be at opposite levels at some time. Devise a way to 
detect that a failure has occurred in one of the circuits. 


The outputs of the circuits are connected to the inputs of an XOR gate as shown in 
Figure 3-43. A failure in either one of the circuits produces differing outputs, which 
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| cause the XOR inputs to be at opposite levels. This condition produces a HIGH on the | 
output of the XOR gate, indicating a failure in one of the circuits. | 


HIGH (indicates failure) 





A FIGURE 3-43 


Related Problem Will the exclusive-OR gate always detect simultaneous failures in both circuits of 
Figure 3—43? If not, under what condition? 











The Exclusive-NOR Gate 


Standard symbols for an exclusive-NOR (XNOR) gate are shown in Figure 3-44. Like the 
XOR gate, an XNOR has only two inputs. The bubble on the output of the XNOR symbol 
indicates that its output is opposite that of the XOR gate. When the two input logic levels 
are opposite, the output of the exclusive-NOR gate is LOW. The operation can be stated as 
follows (A and B are inputs, X is the output): 


For an exclusive-NOR gate, output X is LOW when input A is LOW and input B 
is HIGH, or when A is HIGH and B is LOW; X is HIGH when A and B are both 
HIGH or both LOW. 


A A =. 
7) x : x 


(a) Distinctive shape (b) Rectangular outline 


“& FIGURE 3-44 


Standard logic symbols for the exclusive-NOR gate. 


The four possible input combinations and the resulting outputs for an XNOR gate are 
shown in Figure 3-45. The operation of an XNOR gate is summarized in Table 3—12. No- 
tice that the output is HIGH when the same level is on both inputs. 


LOW (0 LOW 
0) —)) > HIGH (1) = ) —}) > LOW (0) 
LOW (0) HIGH (1) 
HIGH (1) HIGH (1) ; 
LOW (0) HIGH (1) 
LOW (0) HIGH (1) 


& FIGURE 3-45 





All possible logic levels for an exclusive-NOR gate. Open file F03-45 to verify XNOR gate operation. 
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®» TABLE 3-12 
INPUTS OUTPUT 


Truth table for an exclusive-NOR 
A B X 


gate. 


0 





Operation with Waveform Inputs 


As we have done with the other gates, let’s examine the operation of XOR and XNOR gates 
with pulse waveform inputs. As before, we apply the truth table operation during each dis- 
tinct time interval of the pulse waveform inputs, as illustrated in Figure 3-46 for an XOR 
gate. You can see that the input waveforms A and B are at opposite levels during time in- 
tervals t, and t,. Therefore, the output X is HIGH during these two times. Since both inputs 
are at the same level, either both HIGH or both LOW, during time intervals ¢, and f, the 
output 1s LOW during those times as shown in the timing diagram. 


Pm» FIGURE 3-46 


Example of exclusive-OR gate 
operation with pulse waveform 


tS 


inputs. 


& 


I 

| 

| 

| 

l 

| 

| 

| 

| 

| 

| 

| 

eA ia a a ai a tae ae a, 
| | 
| 

| 










EXAMPLE 3-20 
Determine the output waveforms for the XOR gate and for the XNOR gate, given the 
input waveforms, A and B, in Figure 3-47. 





& FIGURE 3-47 
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Solution The output waveforms are shown in Figure 3—47. Notice that the XOR output is HIGH 
only when both inputs are at opposite levels. Notice that the XNOR output is HIGH 
only when both inputs are the same. 


Related Problem Determine the output waveforms if the two input waveforms, A and B, are inverted. 








An exclusive-OR gate can be used as a two-bit adder. Recall from Chapter 2 that the basic 
rules for binary addition are as follows:0 +0 =0,0+1=1,1+0=1,and1+1= 10. 
An examination of the truth table for an XOR gate will show you that its output is the binary 
sum of the two input bits. In the case where the inputs are both Is, the output is the sum 0, 
but you lose the carry of 1. In Chapter 6 you will see how XOR gates are combined to make 
complete adding circuits. Figure 3-48 illustrates an XOR gate used as a basic adder. 


@ FIGURE 3-48 


Input bits Output (sum) An XOR gate used to add two bits. 
A B = 








0 0 0 
0 | | 
I 0 I 


| | Q (without | carry) 


| [SECTION 3-6 | 
| PREVIEW 1. When is the output of an XOR gate HIGH? | 


2. When is the output of an XNOR gate HIGH? 
3. How can you use an XOR gate to detect when two bits are different? 
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Programmable logic was introduced in Chapter |. In this section, the basic concept of 
the programmable AND array, which forms the basis for most programmable logic, is 
discussed, and the major process technologies are covered. A programmable logic 
device (PLD) is one that does not initially have a fixed-logic function but that can be 
programmed to implement just about any logic design. As you have learned, two types 
of PLD are the SPLD and CPLD. In addition to the PLD, the other major category of 
programmable logic is the FPGA. For simplicity, all of these devices will be referred to 
as PLDs. Also, some important concepts in programming are discussed. 


After completing this section, you should be able to 


= Describe the concept of a programmable AND array ®™ Discuss various process 
technologies ™ Discuss text entry and graphic entry as two methods for programmable 
logic design ™ Describe methods for downloading a design to a programmable logic 
device = Explain in-system programming 
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(a) Unprogrammed 


EXAMPLE 3-21 


Solution 


Related Problem 





Basic Concept of the AND Array 


Most types of PLDs use some form of AND array. Basically, this array consists of AND gates 
and a matrix of interconnections with programmable links at each cross point, as shown in 
Figure 3-49(a). The purpose of the programmable links is to either make or break a connec- 
tion between a row line and a column line in the interconnection matrix. For each input to an 
AND gate, only one programmable link is left intact in order to connect the desired variable to 
the gate input. Figure 3—49(b) illustrates an array after it has been programmed. 


Programmable link 





(b) Programmed 
A FIGURE 3-49 


Basic concept of a programmable AND array. 


Show the AND array in Figure 3—-49(a) programmed for the following outputs: 
X, = AB, X, = AB, and X,; = AB 


See Figure 3-50. 





A FIGURE 3-50 





How many rows, columns, and AND gate inputs are required for three input variables 
in a 3-AND gate array? 
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Programmable Link Process Technologies 


Caer f eat 


Several different process technologies are used for programmable links in PLDs. 


Fuse Technology This was the original programmable link technology. It is still used 
in some SPLDs. The fuse is a metal link that connects a row and a column in the inter- 
connection matrix. Before programming, there is a fused connection at each intersec- 
tion. To program a device, the selected fuses are opened by passing a current through 
them sufficient to “blow” the fuse and break the connection. The intact fuses remain and 
provide a connection between the rows and columns. The fuse link is illustrated in 
Figure 3-51. Programmable logic devices that use fuse technology are one-time pro- 
grammable (OTP). 





(a) Fuse intact before (b) Programming (c) Fuse open after 
programming current programming 


Antifuse Technology An antifuse programmable link is the opposite of a fuse link. Instead 
of breaking the connection, a connection is made during programming. An antifuse starts out 
as an open circuit whereas the fuse starts out as a short circuit. Before programming, there 
are no connections between the rows and columns in the interconnection matrix. An antifuse 
is basically two conductors separated by an insulator. To program a device with antifuse tech- 
nology, a programmer tool applies a sufficient voltage across selected antifuses to break 
down the insulation between the two conductive materials, causing the insulator to become 
a low-resistance link. The antifuse link is illustrated in Figure 3-52. An antifuse device is 
also a one-time programmable (OTP) device. 


Contacts 


Insulator 





(a) Antifuse is open before (b) Programming voltage (c) Antifuse is effectively 
programming breaks down insulation shorted after programming 
layer to create contact. 


EPROM Technology In certain programmable logic devices, the programmable links are 
similar to the memory cells in EPROMs (electrically programmable read-only memories). 
This type of PLD 1s programmed using a special tool known as a device programmer. The 
device is inserted into the programmer, which is connected to a computer running the pro- 
gramming software. Most EPROM-based PLDs are one-time programmable (OTP). How- 
ever, those with windowed packages can be erased with UV (ultraviolet) light and 
reprogrammed using a standard PLD programming fixture. EPROM process technology 
uses a special type of MOS transistor, known as a floating-gate transistor, as the program- 
mable link. The floating-gate device utilizes a process called Fowler-Nordheim tunneling 
to place electrons in the floating-gate structure. 


“@ FIGURE 3-51 


The programmable fuse link. 


“@ FIGURE 3-52 


The programmable antifuse link. 
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» FIGURE 3-53 


A simple AND array with EPROM 


technology. Only one gate in the 


array is shown for simplicity. 


COMPUTER NOTE 





Most system-level designs 
incorporate a variety of devices 
such as RAMs, ROMs, controllers, 
and processors that are 
interconnected by a large quantity 
of general-purpose logic devices 
often referred to as “glue” logic. 
PLDs have come to replace many 
of the SSI and MSI “glue” devices. 
The use of PLDs provides a 
reduction in package count. 

For example, in computer 
memory systems, PLDs can be used 
for memory address decoding and 
to generate memory write signals 
as well as other functions. 





In a programmable AND array, the floating-gate transistor acts as a switch to connect the 
row line to either a HIGH or a LOW, depending on the input variable. For input variables 
that are not used, the transistor is programmed to be permanently off (open). Figure 3—53 
shows one AND gate in a simple array. Variable A controls the state of the transistor in the 
first column, and variable B controls the transistor in the third column. When a transistor is 
off, like an open switch, the input line to the AND gate is at + V (HIGH). When a transistor 
is on, like a closed switch, the input line is connected to ground (LOW). When variable A or 
B is 0 (LOW), the transistor is on, keeping the input line to the AND gate LOW. When A or 
B is | (HIGH), the transistor is off, keeping the input line to the AND gate HIGH. 


Transistor permanently 
programmed off 


Transistor turned on or off 
by state of input A 


A A B B 


+V 


+V 





Transistor turned on or off 
by state of input B 


EEPROM Technology Electrically erasable programmable read-only memory technology 
is similar to EPROM because it also uses a type of floating-gate transistor in E°CMOS cells. 
The difference is that EEPROM can be erased and reprogrammed electrically without the 
need for UV light or special fixtures. An E°CMOS device can be programmed after being 
installed on a printed circuit board, and many can be reprogrammed while operating in a 
system. This is called in-system programming (ISP). Figure 3-53 can also be used as an 
example to represent an AND array with EEPROM technology. 

A flash array is a type of EEPROM array that not only can be erased much faster than 
with standard EEPROM technology but can also result in higher density devices. 


SRAM Technology Many FPGAs and some CPLDs use a process technology similar 
to that used in SRAMs (static random-access memories). The basic concept of SRAM- 
based programmable logic arrays is illustrated in Figure 3—54(a). A SRAM-type mem- 
ory cell is used to turn a transistor on or off to connect or disconnect rows and columns. 
For example, when the memory cell contains a | (green), the transistor is on and con- 
nects the associated row and column lines, as shown in part (b). When the memory cell 
contains a O (blue), the transistor is off so there is no connection between the lines, as 
shown in part (c). 

SRAM technology is different from the other process technologies discussed because it 
is a volatile technology. This means that a SRAM cell does not retain data when power is 
turned off. The programming data must be loaded into a memory; and when power is turned 
on, the data from the memory reprograms the SRAM-based PLD. 

The fuse, antifuse, EPROM, and EEPROM process technologies are nonvolatile, so they 
retain their programming when the power is off: A fuse is permanently open, an antifuse is 
permanently closed, and floating-gate transistors used in EPROM and EEPROM-based ar- 
rays can retain their on or off state indefinitely. 
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(b) Transistor on (c) Transistor off 





Device Programming 


The general concept of programming was introduced in Chapter 1, and you have seen how 
interconnections can be made in a simple array by opening or closing the programmable 
links. SPLDs, CPLDs, and FPGAs are programmed in essentially the same way. The de- 
vices with OTP (one-time programmable) process technologies (fuse, antifuse, or EPROM) 
must be programmed with a special hardware fixture called a programmer. The program- 
mer is connected to a computer by a standard interface cable, as shown in Figure 3—55. De- 
velopment software is installed on the computer, and the device is inserted into the 
programmer socket. Most programmers have adapters, such as the one shown, that allow 
different types of packages to be plugged in. 





Computer 
running PLD 
development 
software 


Adapter 


<< FIGURE 3-54 


Basic concept of an AND array with 


SRAM technology. 


@ FIGURE 3-55 


Setup for programming a PLD ina 
programming fixture (programmer). 
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» FIGURE 3-56 


Programming setup for 
reprogrammable logic devices. 


EEPROM and SRAM-based programmable logic devices are reprogrammable and can 
be reconfigured multiple times. Although a device programmer can be used for this type of 
device, it is generally programmed initially on a PLD development board, as shown in 
Figure 3-56. A logic design can be developed using this approach because any necessary 
changes during the design process can be readily accomplished by simply reprogramming 
the PLD. A PLD to which a software logic design can be downloaded is called a target 
device. In addition to the target device, development boards typically provide other cir- 
cuitry and connectors for interfacing to the computer and other peripheral circuits. Also, 
test points and display devices for observing the operation of the programmed device are 
included on the development board. 





PLD development board 





Design Entry As you learned in Chapter 1, design entry is where the logic design is pro- 
grammed into the development software. The two main ways to enter a design are by text 
entry or graphic (schematic) entry, and manufacturers of programmable logic provide soft- 
ware packages to support their devices that allow for both methods. 

Text entry in most development software, regardless of the manufacturer, supports two 
or more hardware development languages (HDLs). For example, all software packages 
support both IEEE standard HDLs, VHDL, and Verilog. Some software packages also sup- 
port certain proprietary languages such as ABEL, CUPL, and AHDL. 

In graphic (schematic) entry, logic symbols such as AND gates and OR gates are 
placed on the screen and interconnected to form the desired circuit. In this method you use 
the familiar logic symbols, but the software actually converts each symbol and intercon- 
nections to a text file for the computer to use; you do not see this process. A simple ex- 
ample of both a text entry screen and a graphic entry screen for an AND gate is shown in 
Figure 3-57. As a general rule, graphic entry is used for less-complex logic circuits and 
text entry, although it can also be used for very simple logic, is used for larger, more com- 
plex implementation. 


_In-System Programming (ISP) 


Certain CPLDs and FPGAs can be programmed after they have been installed on a sys- 
tem printed circuit board (PCB). After a logic design has been developed and fully tested 
on a development board, it can then be programmed into a “blank” device that is already 
soldered onto a system board in which it will be operating. Also, if a design change is re- 
quired, the device on the system board can be reconfigured to incorporate the design 
modifications. 

In a production situation, programming a device on the system board minimizes han- 
dling and eliminates the need for keeping stocks of preprogrammed devices. It also rules 
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(a) VHDL text entry (b) Equivalent graphic (schematic) entry 


A FIGURE 3-57 
Examples of design entry of an AND gate. 


out the possibility of wrong parts being placed in a product. Unprogrammed (blank) devices 
can be kept in the warehouse and programmed on-board as needed. This minimizes the cap- 
ital a business needs for inventories and enhances the quality of its products. 


JTAG The standard established by the Joint Test Action Group is the commonly used 
name for IEEE Std. 1149.1. The JTAG standard was developed to provide a simple method, 
called boundary scan, for testing programmable devices for functionality as well as testing 
circuit boards for bad connections—shorted pins, open pins, bad traces, and the like. More 
recently, JTAG has been used as a convenient way of configuring programmable devices in- 
system. As the demand for field-upgradable products increases, the use of JTAG as a con- 
venient way of reprogramming CPLDs and FPGAs will continue to increase. 

JTAG-compliant devices have internal dedicated hardware that interprets instructions 
and data provided by four dedicated signals. These signals are defined by the JTAG stan- 
dard to be TDI (Test Data In), TDO (Test Data Out), TMS (Test Mode Select), and TCK 
(Test Clock). The dedicated JTAG hardware interprets instructions and data on the TDI and 
TMS signals, and drives data out on the TDO signal. The TCK signal is used to clock the 
process. A JTAG-compliant printed circuit board is represented in Figure 3-58. 


System PCB 


JTAG-compliant PLD 





4 FIGURE 3-58 


Simplified illustration of in-system programming via a JTAG interface. 
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| SECTION 3-7 
REVIEW 1 





Embedded Processor Another approach to in-system programming is the use of an em- 
bedded microprocessor and memory. The processor is embedded within the system along 
with the CPLD or FPGA and other circuitry, and it is dedicated to the purpose of in-system 
configuration of the programmable device. 

As you have learned, SRAM-based devices are volatile and lose their programmed data 
when the power is turned off. It is necessary to store the programming data in a PROM (pro- 
grammable read-only memory), which is nonvolatile. When power is turned on, the em- 
bedded processor takes control of transferring the stored data from the PROM to the CPLD 
or FPGA. 

Also, an embedded processor is sometimes used for reconfiguration of a programmable 
device while the system is running. In this case, design changes are done with software, and 
the new data are then loaded into a PROM without disturbing the operation of the system. 
The processor controls the transfer of the data to the device “on-the-fly” at an appropriate 
time. A simple block diagram of an embedded processor/programmable logic system is 
shown in Figure 3-59. 


>» FIGURE 3-59 


Simplified block diagram of a PLD sai Programmable 
. design PROM 
with an embedded processor and oe logic 


memory. 





Embedded 
microprocessor 


. List five process technologies used for programmable links in programmable logic. 

2. What does the term volatile mean in relation to PLDs and which process technology 
is volatile? 

3. What are two design entry methods for programming a PLDs and FPGAs? 

4. Define JTAG. 


Two major digital integrated circuit (IC) technologies that are used to implement logic 
gates are CMOS and TTL. The logic operations of NOT, AND, OR, NAND, NOR, and 
exclusive-OR are the same regardless of the IC technology used; that is, an AND gate 
has the same logic function whether it is implemented with CMOS or TTL. 


After completing this section, you should be able to 


= Identify the most common CMOS and TTL series ® Compare CMOS and TTL in 
terms of device types and performance parameters ® Define propagation delay time ™ 
Define power dissipation ® Define fan-out ® Define speed-power product ®™ Interpret 
basic data sheet information 
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CMOS stands for Complementary Metal-Oxide Semiconductor and is implemented with a 
type of field-effect transistor. TTL stands for Transistor-Transistor Logic and is implemented 
with bipolar junction transistors. Keep in mind that CMOS and TTL differ only in the type of 
circuit components and values of parameters and not in the basic logic operation. A CMOS 
AND gate has the same logic operation as a TTL AND gate. This is true for all the other basic 
logic functions. The difference in CMOS and TTL is in performance characteristics such as 
switching speed (propagation delay), power dissipation, noise immunity, and other parameters. 


CMOS 


There is little disagreement about which circuit technology, CMOS or TTL, is the most 
widely used. It appears that CMOS has become the dominant technology and may eventually 
replace TTL in small- and medium-scale ICs. Although TTL dominated for many years 
mainly because it had faster switching speeds and a greater selection of device types, CMOS 
always had the advantage of much lower power dissipation although that parameter is fre- 
quency dependent. The switching speeds of CMOS have been greatly improved and are now 
competitive with TTL, while low power dissipation and other desirable factors have been re- 
tained as the technology has progressed. 


CMOS Series The categories of CMOS in terms of the dc supply voltage are the 5 V 
CMOS, the 3.3 V CMOS, the 2.5 V CMOS, and the 1.8 V CMOS. The lower-voltage 
CMOS families are a more recent development and are the result of an effort to reduce 
the power dissipation. Since power dissipation is proportional to the square of the volt- 
age, a reduction from 5 V to 3.3 V, for example, cuts the power by 34% with other fac- 
tors remaining the same. 

Within each supply voltage category, several series of CMOS logic gates are available. 
These series within the CMOS family differ in their performance characteristics and are 
designated by the prefix 74 or 54 followed by a letter or letters that indicate the series and 
then a number that indicates the type of logic device. The prefix 74 indicates commercial 
grade for general use, and the prefix 54 indicates military grade for more severe environ- 
ments. We will refer only to the 74-prefixed devices in this textbook. The basic CMOS se- 
ries for the 5 V category and their designations include 


« 74HC and 74HCT—High-speed CMOS (the “T” indicates TTL compatibility) 
 74AC and 74ACT—Advanced CMOS 
« 7J4AHC and 74AHCT—Advanced High-speed CMOS 


The basic CMOS series for the 3.3 V category and their designations include 


» 74LV—Low-voltage CMOS 
« 74LVC—Low-voltage CMOS 
» 7TAALVC—Advanced Low-voltage CMOS 


In addition to the 74 series there is a 4000 series, which is an older, low-speed CMOS 
technology that is still available, although in limited use. In addition to the “pure” CMOS, 
there is a series that combines both CMOS and TTL called BiCMOS. The basic BiCMOS 
series and their designations are as follows: 

» 74BCT—BiCMOS 

» 744ABT—Advanced BiCMOS 

« 74LVT—Low-voltage BiCMOS 


» 74ALB—Advanced Low-voltage BiCMOS 
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TTL has been a popular digital IC technology for many years. One advantage of TTL is that 
it is not sensitive to electrostatic discharge as CMOS is and, therefore, is more practical in 
most laboratory experimentation and prototyping because you do not have to worry about 
handling precautions. 


TTL Series Like CMOS, several series of TTL logic gates are available, all which op- 
erate from a5 V dc supply. These series within the TTL family differ in their perform- 
ance characteristics and are designated by the prefix 74 or 54 followed by a letter or 
letters that indicate the series and a number that indicates the type of logic device within 
the series. A TTL IC can be distinguished from CMOS by the letters that follow the 74 
or 54 prefix. 

The basic TTL series and their designations are as follows: 


74— standard TTL (no letter) 

74S—Schottky TTL 

74AS—Advanced Schottky TTL 
74LS—Low-power Schottky TTL 
74ALS—Advanced Low-power Schottky TTL 
74F—Fast TTL 


Types of Fixed-Function Logic Gates 


All of the basic logic operations, NOT, AND, OR, NAND, NOR, exclusive-OR (XOR), and 
exclusive-NOR (XNOR) are available in both CMOS and TTL. In addition to these, 
buffered output gates are also available for driving loads that require high currents. The 
types of gate configurations typically available in IC packages are identified by the last two 
or three digits in the series designation. For example, 74LS04 is a low-power Schottky hex 
inverter package. Some of the common logic gate configurations and their standard identi- 
fier digits are as follows: 


© Quad 2-input NAND—00 » Dual 4-input NAND—20 
" Quad 2-input NOR—02 » Dual 2-input AND—21 

« Hex inverter—04 © Triple 3-input NOR—27 

© Quad 2-input AND—08 © Single 8-input NAND—30 
© Triple 3-input NAND—10 = Quad 2-input OR—32 

© Triple 3-input AND—11 = Quad XOR—86 


= Quad XNOR—266 


IC Packages All of the 74 series CMOS are pin-compatible with the same types of de- 
vices in TTL. This means that a CMOS digital IC such as the 74HCOO (quad 2-input 
NAND), which contains four 2-input NAND gates in one IC package, has the identical 
package pin numbers for each input and output as does the corresponding TTL device. Typ- 
ical IC gate packages, the dual in-line package (DIP) for plug-in or feedthrough mounting 
and the small-outline integrated circuit (SOIC) package for surface mounting, are shown in 
Figure 3-60. In some cases, other types of packages are also available. The SOIC package 
is significantly smaller than the DIP. The pin configuration diagrams for most of the fixed- 
function logic devices listed above are shown in Figure 3-61. 


0.740 — 0.770 arene 


Pin no.1 
identifiers 







0.145 — 0.200 in. 


0.125 — 0.150 in. 


0.014 — 0.023 in. reall 


0.100 + 0.010 in. ms _ 


(a) 14-pin dual in-line package (DIP) for feedthrough mounting 


+ FIGURE 3-60 


0.250 + 0.010 in. 
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(b) 14-pin small outline package (SOIC) for surface mounting 


Typical dual in-line (DIP) and small-outline (SOIC) packages showing pin numbers and basic 


dimensions. 





& FIGURE 3-61 


Pin configuration diagrams for some common fixed-function IC gate configurations. 
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| (14) 
(1) (2) 


(3) (4) 


(3) (6) 


(9) be (8) 
(11) bp (10) 
(13) b (12) 


| (7) 
GND 
Distinctive shape logic diagram 


(a) Hex inverter 


High-speed logic has a short 
propagation delay time. 


Single-Gate Logic A limited selection of CMOS gates is available in single-gate pack- 
ages. With one gate to a package, this series comes in tiny 5-pin packages that are intended 
for use in last-minute modifications for squeezing logic into tight spots where available 
space is limited. 


Logic Symbols The logic symbols for fixed-function integrated circuits use the standard 
gate symbols and show the number of gates in the IC package and the associated pin num- 
bers for each gate as well as the pin numbers for Voc and ground. An example is shown in 
Figure 3-62 for a hex inverter and for a quad 2-input NAND gate. Both the distinctive shape 
and the rectangular outline formats are shown. Regardless of the logic family, all devices 
with the same suffix are pin-compatible; in other words, they will have the same arrange- 
ment of pin numbers. For example, the 7400, 74S00, 74LS00, 74ALS00, 74F00, 74HCOO, 
and 74AHCO00 are all pin-compatible quad 2-input NAND gate packages. 


Veo 
| (14) 
| 
(1) a 
(2) 
(4) 
(5) 
(9) 


(6 
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(8) 
Rectangular outline logic symbol 
with polarity indicators. The inverter 
qualifying symbol (1) appears in the 
top block and applies to all blocks 
below. 
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(b) Quad 2-input NAND 


& FIGURE 3-62 


Logic symbols for hex inverter (04 suffix) and quad 2-input NAND (00 suffix). The symbol applies to 
the same device in any CMOS or TTL series. 


a. ° ° 
_ Performance Characteristics and Parameters 


Several things define the performance of a logic circuit. These performance characteristics 
are the switching speed measured in terms of the propagation delay time, the power dissi- 
pation, the fan-out or drive capability, the speed-power product, the dc supply voltage, and 
the input/output logic levels. 


Propagation Delay Time ‘This parameter is a result of the limitation on switching 
speed or frequency at which a logic circuit can operate. The terms ow speed and high 
speed, applied to logic circuits, refer to the propagation delay time. The shorter the prop- 
agation delay, the higher the speed of the circuit and the higher the frequency at which it 
can operate. 

Propagation delay time, fp, of a logic gate is the time interval between the application 
of an input pulse and the occurrence of the resulting output pulse. There are two different 


FIXED-FUNCTION LOGIC ® 155 


measurements of propagation delay time associated with a logic gate that apply to all the 
types of basic gates: 


© tp: The time between a specified reference point on the input pulse and a corre- 
sponding reference point on the resulting output pulse, with the output changing 
from the HIGH level to the LOW level (HL). 


© tppy: The time between a specified reference point on the input pulse and a corre- 
sponding reference point on the resulting output pulse, with the output changing 
from the LOW level to the HIGH level (LH). 








EXAMPLE 3-22 
Show the propagation delay times of the inverter in Figure 3—63(a). 


Input 50% 


Output 


Input >— Output 


(a) (b) 





& FIGURE 3-63 


Solution ‘The propagation delay times, tp,, and tp;,,, are indicated in part (b) of the figure. In 
this case, the delays are measured between the 50% points of the corresponding edges 
of the input and output pulses. The values of tp, and tp; are not necessarily equal but 
in many cases they are the same. 


Related Problem One type of logic gate has a specified maximum fp, ,, and tp,, of 10 ns. For another 
type of gate the value is 4 ns. Which gate can operate at the highest frequency? 


For standard-series TTL gates, the typical propagation delay is 11 ns and for F-series 
gates it is 3.3 ns. For HCT-series CMOS, the propagation delay is 7 ns, for the AC series it 
is 5 ns, and for the ALVC series it is 3 ns. All specified values are dependent on certain op- 
erating conditions as stated on a data sheet. 


DC Supply Voltage (V--) The typical dc supply voltage for CMOS is either 5 V, 3.3 V, 
2.5 V, or 1.8 V, depending on the category. An advantage of CMOS is that the supply volt- 
ages can vary over a wider range than for TTL. The 5 V CMOS can tolerate supply varia- 
tions from 2 V to 6 V and still operate properly although propagation delay time and power 
dissipation are significantly affected. The 3.3 V CMOS can operate with supply voltages 
from 2 V to 3.6 V. The typical de supply voltage for TTL is 5.0 V with a minimum of 4.5 V 
and a maximum of 5.5 V. 
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A lower power dissipation means — Power Dissipation The power dissipation, Pp, of a logic gate is the product of the dc sup- 

less current from the dc supply. ply voltage and the average supply current. Normally, the supply current when the gate out- 
put is LOW is greater than when the gate output is HIGH. The manufacturer’s data sheet 
usually designates the supply current for the LOW output state as /¢c,, and for the HIGH state 
as Icy. The average supply current is determined based on a 50% duty cycle (output LOW 
half the time and HIGH half the time), so the average power dissipation of a logic gate is 


I +] 
Equation 3-2 P= Vec( en oa.) 


CMOS series gates have very low power dissipations compared to the TTL series. How- 
ever, the power dissipation of CMOS is dependent on the frequency of operation. At zero 
frequency the quiescent power is typically in the microwatt/gate range, and at the maximum 
operating frequency it can be in the low milliwatt range; therefore, power is sometimes 
specified at a given frequency. The HC series, for example, has a power of 2.75 .W/gate at 
0 Hz (quiescent) and 600 yW/gate at 1 MHz. 

Power dissipation for TTL is independent of frequency. For example, the ALS series 
uses 1.4 mW/gate regardless of the frequency and the F series uses 6 mW/gate. 


Input and Output Logic Levels Vy, is the LOW level input voltage for a logic gate, and 
Viq 1s the HIGH level input voltage. The 5 V CMOS accepts a maximum voltage of 1.5 V 
as V;, and a minimum voltage of 3.5 V as V;,. TTL accepts a maximum voltage of 0.8 V as 
V;, and a minimum voltage of 2 V as Vi. 

Vor, 1s the LOW level output voltage and Vo, is the HIGH level output voltage. For 5 V 
CMOS, the maximum Vo, is 0.33 V and the minimum Voy is 4.4 V. For TTL, the maximum 
Voz 18 0.4 V and the minimum Vo, is 2.4 V. All values depend on operating conditions as 
specified on the data sheet. 


Speed-Power Product (SPP) This parameter (speed-power product) can be used as a 
measure of the performance of a logic circuit taking into account the propagation delay time 
and the power dissipation. It is especially useful for comparing the various logic gate series 
within the CMOS or TTL family or for comparing a CMOS gate to a TTL gate. 

The SPP of a logic circuit is the product of the propagation delay time and the power dis- 
sipation and is expressed in joules (J), which is the unit of energy. The formula is 


Equation 3-3 SPP = tpPp 













EXAMPLE 3-23 
A certain gate has a propagation delay of 5 ns and Jogy = | mA and Jog, = 2.5 mA 
with a dc supply voltage of 5 V. Determine the speed-power product. 


ee: 1mA + 2.5mA 
Solution Py = Veo( eon tee = 5 v(m + 25m4) = 5 V(1.75 mA) = 8.75 mW 


SPP = (Sns) (8.75 mW) = 43.75 pJ 


Related Problem _ If the propagation delay of a gate is 15 ns and its SPP is 150 pJ, what is its average 
power dissipation? 


Fan-Out and Loading The fan-out of a logic gate is the maximum number of inputs of the 
same series in an IC family that can be connected to a gate’s output and still maintain the out- 
put voltage levels within specified limits. Fan-out is a significant parameter only for TTL be- 
cause of the type of circuit technology. Since very high impedances are associated with CMOS 
circuits, the fan-out is very high but depends on frequency because of capacitive effects. 
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Fan-out is specified in terms of unit loads. A unit load for a logic gate equals one input 
to a like circuit. For example, a unit load for a 74LSO0 NAND gate equals one input to an- 
other logic gate in the 74LS series (not necessarily a NAND gate). Because the current from 
a LOW input (/;,,) of a 74LS00 gate is 0.4 mA and the current that a LOW output (/,,,) can 
accept is 8.0 mA, the number of unit loads that a 74LSO00 gate can drive in the LOW state 
iS 

Io, _ 8.0mA 


Unit loads = —— = = 
i, O4mA 





20 


Figure 3-64 shows LS logic gates driving a number of other gates of the same circuit tech- 
nology, where the number of gates depends on the particular circuit technology. For example, 
as you have seen, the maximum number of gate inputs (unit loads) that a 74LS series TTL gate 
can drive is 20. 


<@ FIGURE 3-64 
The LS TTL NAND gate output fans 


| 1 p>—— out to a maximum of 20 LS TTL gate 
inputs. 
= 


Driving gate 
ee Load gate 


Data Sheets 


A typical data sheet consists of an information page that shows, among other things, the 
logic diagram and packages, the recommended operating conditions, the electrical charac- 
teristics, and the switching characteristics. Partial data sheets for a 74LSO0 and a 74HCOOA 
are shown in Figures 3—65 and 3-66, respectively. The length of data sheets vary and some 
have much more information than others. Additional data sheets are provided on the Texas 
Instruments CD-ROM accompanying this textbook. 






A IANDS 





connected to ground. 


+Voc +Voc 


Unused ——» 
Used inputs | ~ 





ETL CMOS 


A higher fan-out means that a 
gate output can be connected to 
more gate inputs. 


Unused gate inputs for TTL and CMOS should be connected to the appropriate logic level 
(HIGH or LOW). For AND/NAND, it is recommended that unused inputs be connected 
to Vec (through a 1.0 kQ resistor with TTL) and for OR/NOR, unused inputs should be 


Used -- 
Unused ~~ 


CMOS/TTL 
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QUAD 2-INPUT NAND GATE SN54/74LS00 


DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE ee oe AF otherwise specified) 


* ESD > 3500 Volts in ss dt" «| 
Symbol | Min | Typ | Max | Unit Test Conditions 
Input HIGH Voltage 2.0 ¥ Guaranteed Input HIGH Voltage for 
All Inputs 
54 0.7 ‘ J z 
Vi Input LOW Voltage ES Re ieee 22 Vv Guaranteed Input LOW Voltage for 
SN54/74LS00 mae ee, a2 


=. 
Ouput HIGH Voltage | See | 


le ene yee = MIN, Ioq = MAX, Vin = Voy 


| gare or Vy, per Truth Table 


QUAD 2-INPUT NAND GATE 
LOW POWER SCHOTTKY 


ss J SUFFIX 
Nh CERAMIC 

CASE 632-08 
14 


N SUFFIX 
NK PLASTIC 
CASE 646-06 


54,74 x i 
Ouput LOW Voltage = oe 4.0mA | Voc = Vcc MIN, Vin = Vit 
hens Io, = 8.0 mA | OF Vip per Truth Table 
Voc = MAX, Vin =2.7V 
Input HIGH Current iia cc i 
Voc = MAX, Vin =7.0V 


as Input LOW Current Voc = MAX, In =0.4V 
| Tos | Short Circuit Current (Note 1) are Vcc = MAX 


Power Supply Current 
Total, Output HIGH mA 


Total, Output LOW 


NOTE |: Not more than one output should be shorted at a time, nor for more than | second. 





14 


I AC CHARACTERISTICS (T, = 25°C) 


EE D SUFFIX 
4 SOIC 


i CASE 751A-02 


| EAN eal * 
Symbol | Min | Typ | Max Unit Test Conditions 
pane 


Vec =5.0 V 


Turn-Off Delay, Input to Output 5 ns 
Turn-On Delay, Input to Output : ns C, = 15 pF 


ORDERING INFORMATION 


SNS4LSXXJ Ceramic 
SN74LSXXN Plastic 
SN74LSXXD SOIC 





GUARANTEED OPERATING RANGES 


stm le 
Supply Voltage 5.0 5: 
4. eS 5.0 ae 
Operating Ambient “ 25 
Temperature Range 25 


— Output Current — Low 54 4.0 mA 
74 8.0 


A FIGURE 3-65 
The partial data sheet for a 74LS00. 






Roh 
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SECTION 3-8 
REVIEW 1. List the two types of IC technologies that are the most widely used. 


2. Identify the following IC logic designators: 
(a) LS (b) ALS (c) F (d) HC (e) AC (f) HCT (g) LV 
3. Identify the following devices according to logic function: 
(a) 74LS04 (b) 74HCOO (c) 74LV08 (d) 74ALS10 
(e) 7432 (f) 74ACT11 (g) 74AHCO2 
4. Which IC technology generally has the lowest power dissipation? 
5. What does the term hex inverter mean? What does quad 2-input NAND mean? 


—_— 
j 


6. A positive pulse is applied to an inverter input. The time from the leading edge of the 
input to the leading edge of the output is 10 ns. The time from the trailing edge of the 
input to the trailing edge of the output is 8 ns. What are the values of tp,, and tppy 7 


7. Acertain gate has a propagation delay time of 6 ns and a power dissipation of 
3 mW. Determine the speed-power product? 


| 8. Define hea and lecH: 
9. Define V, and Vj. 
10. Define Vor and Vou: 


i 
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Quad 2-Input NAND Gate High-Performance Silicon-Gate CMOS 


The MC54/74HCOOA is identical in pinout to the LSOO. The device inputs are compatible with Standard 
CMOS outputs; with pullup resistors, they are compatible with LSTTL outputs. 


¢ Output Drive Capability: 10 LSTTL Loads 

¢ Outputs Directly Interface to CMOS, NMOS and TTL 

* Operating Voltage Range: 2 to 6 V 

¢ Low Input Current: | uA 

¢ High Noise Immunity Characteristic of CMOS Devices 

¢ In Compliance With the JEDEC Standard No. 7A 
Requirements 

* Chip Complexity: 32 FETs or 8 Equivalent Gates 


LOGIC DIAGRAM 
] 
Al 3 
2 Yl 
Bl 
4 
A2 6 
5 ¥2 
B2 = 
‘ Y =AB 
A3 8 
10 Y3 
B3 
4... Ae 
A4 1] 
13 Y4 
B4 
PIN 14 = Vcc 
PIN 7 = GND 


Pinout: 14—Load Packages (Top View) 
Vec B4 A4 Y4 B3 A} Y3 





Al Bl Yi A2) B32) -Y2 GND 


DC CHARACTERISTICS (Voltages Referenced to GND) 




































Maximum Low-Level Output Voltage 









Vin | Minimum High-Level Input Voltage | Voy; =0.1V or Vec -—0.1V 
Hour] < 20UA 

Vi_ | Maximum Low-Level Input Voltage | Vo, =0.1V or Vec — 0.1V 
Hou! $ 204A 

Vou | Minimum High-Level Output Voltage | Vj, = Vpq or Vy. 


Hout! < 200A 


Vin = Vin or Vit 


Vin = Vin or Vy. 
Hour! S$ 20uUA 


Vin = Vin OF Vit 





MCS54/74HCO0A 


J SUFFIX 
CERAMIC PACKAGE 
CASE 632-08 


N SUFFIX 
PLASTIC PACKAGE 
CASE 646-06 


CASE 751A-03 


| 
Ea D SUFFIX 
4 & SOIC PACKAGE 
] 


14 li DT SUFFIX 
<< TSSOP PACKAGE 
CASE 948G-01 


ORDERING INFORMATION 


MCS54HCXXAJ Ceramic 
MC74HCXXAN Plastic 
MC74HCXXAD SOIC 
MC74HCXXADT TSSOP 





FUNCTION TABLE 









2.0 
3.0 
4.5 





Hour! <2-4mA 
Hour! $4.0mA 
Hout! $5.2mA 













Hourl <2.4mA 
Hour! <4-0mA 
Hout! <5.2mA 












| kn | Maximum Input Leakage Current Vin = Voc or GND +1.0 
1.0 


Icc | Maximum Quiescent Supply Vin = Vec or GND 6.0 
Current (per Package) Tout = OWA 


AC CHARACTERISTICS (C,, = 50 pF, Input t, = tp = 6 ns) 


Maximum Propagation Delay, Input A or B to Output Y 


Maximum Output Transition Time, Any Output 


6.0 13 16 
Maximum Input Capacitance 





Power Dissipation Capacitance (Per Buffer) 


A FIGURE 3-66 
The partial data sheet for a 74HCOOA. 


V |-55to 25°C} <85°C <125°C | Unit 


























0. 
0. 
0. 
£ 


Vcc Guaranteed Limit 
Symbol Parameter V_ | -55 to 25°C 
2.0 75 95 


<125°C Unit 
s 
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MAXIMUM RATINGS* 


Symbol 
DC Supply Voltage (Referenced to GND) -0.5t0+7.0 | V | 
DC Input Voltage (Referenced to GND) —0.5 to Vec + 0.5 
DC Output Voltage (Referenced to GND) —0.5 to Vec + 0.5 

DC Input Current, per Pin 
, i A 
°C 


















DC Output Curent, per Pi 
DC Supply Current, Vcc and GND Pins mA 


V 

m 
Pp Power Dissipation in Still Air, Plastic or Ceramic DIP+ 750 
SOIC Package+ 500 
TSSOP Package+ 450 


“Bi0+ 150 | C | 


Lead Temperature, 1 mm from Case for 10 Seconds °C 
260 
300 


Plastic DIP, SOIC or TSSOP Package 
Ceramic DIP 
* Maximum Ratings are those values beyond which damage to the device may occur. 
Functional operation should be restricted to the Recommended Operating Conditions. 
+ Derating — Plastic DIP: —- 10 mW/°C from 65° to 125° C 
Ceramic DIP: — 10 mW/°C from 100° to 125° C 
SOIC Package: — 7 mW/°C from 65° to 125° C 
TSSOP Package: — 6.1 mW/°C from 65° to 125° C 


3 
= 










RECOMMENDED OPERATING CONDITIONS 


Operating Temperature, All Package Types 5 
t,, ty | Input Rise and Fall Time 
















MC54/74HCOOA 









Ell 


0.40 
0.40 
0.40 


HA 


n 


| to PF 


Typical @ 25°C, Voc = 5.0 V, Ven =0V 


1? 
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15297) TROUBLESHOOTING 


Troubleshooting is the process of recognizing, isolating, and correcting a fault or failure 
in a circuit or system. To be an effective troubleshooter, you must understand how the 
circuit or system is supposed to work and be able to recognize incorrect performance. 
For example, to determine whether or not a certain logic gate is faulty, you must know 
what the output should be for given inputs. 


After completing this section, you should be able to 


= Test for internally open inputs and outputs in IC gates ™ Recognize the effects of a 
shorted IC input or output ® Test for external faults on a PC board ® Troubleshoot a 
simple frequency counter using an oscillosope 





Internal Failures of IC Logic Gates 


Opens and shorts are the most common types of internal gate failures. These can occur on 
the inputs or on the output of a gate inside the IC package. Before attempting any trou- 
bleshooting, check for proper dc supply voltage and ground. 


Effects of an Internally Open Input An internal open is the result of an open component 
on the chip or a break in the tiny wire connecting the IC chip to the package pin. An open 
input prevents a signal on that input from getting to the output of the gate, as illustrated in 
Figure 3—67(a) for the case of a 2-input NAND gate. An open TTL input acts effectively as 
a HIGH level, so pulses applied to the good input get through to the NAND gate output as 


shown in Figure 3—67(b). 
Open input Va input 
No pulses | | | | 
HIGH | | | | | | | 
(a) Application of pulses to the open input will produce no pulses (b) Application of pulses to the good input will produce output pulses for 
on the output. TTL NAND and AND gates because an open input typically acts as a 


HIGH. It is uncertain for CMOS. 


A FIGURE 3-67 
The effect of an open input on a NAND gate. 


Conditions for Testing Gates When testing a NAND gate or an AND gate, always make 
sure that the inputs that are not being pulsed are HIGH to enable the gate. When checking 
a NOR gate or an OR gate, always make sure that the inputs that are not being pulsed are 
LOW. When checking an XOR or XNOR gate, the level of the nonpulsed input does not 
matter because the pulses on the other input will force the inputs to alternate between the 
same level and opposite levels. 


Troubleshooting an Open Input Troubleshooting this type of failure is easily accom- 
plished with an oscilloscope and function generator, as demonstrated in Figure 3-68 for the 
case of a 2-input NAND gate package. When measuring digital signals with a scope, always 
use dc coupling. 


=“ 2SoOeaa eg 


~~ 


’ SSeeqog « 





From From 
function function 
generator 


generator 


(a) Pin 13 input and pin 11 output OK (b) Pin 12 input is open. 


& FIGURE 3-68 
Troubleshooting a NAND gate for an open input. 


The first step in troubleshooting an IC that is suspected of being faulty is to make sure that 
the dc supply voltage (V--) and ground are at the appropriate pins of the IC. Next, apply con- 
tinuous pulses to one of the inputs to the gate, making sure that the other input is HIGH (in the 
case of a NAND gate). In Figure 3—68(a), start by applying a pulse waveform to pin 13, which 
is one of the inputs to the suspected gate. If a pulse waveform 1s indicated on the output (pin 
11 in this case), then the pin 13 input is not open. By the way, this also proves that the output 
is not open. Next, apply the pulse waveform to the other gate input (pin 12), making sure the 
other input is HIGH. There is no pulse waveform on the output at pin 11 and the output is 
LOW, indicating that the pin 12 input is open, as shown in Figure 3—68(b). The input not be- 
ing pulsed must be HIGH for the case of a NAND gate or AND gate. If this were a NOR gate, 


the input not being pulsed would have to be LOW. 


Effects of an Internally Open Output An internally open gate output prevents a signal on 
any of the inputs from getting to the output. Therefore, no matter what the input conditions 
are, the output is unaffected. The level at the output pin of the IC will depend upon what it 
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GND 
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is externally connected to. It could be either HIGH, LOW, or floating (not fixed to any ref- 


erence). In any case, there will be no signal on the output pin. 


Troubleshooting an Open Output Figure 3-69 illustrates troubleshooting an open NOR 
gate output. In part (a), one of the inputs of the suspected gate (pin | 1 in this case) is pulsed, 
and the output (pin 13) has no pulse waveform. In part (b), the other input (pin 12) is pulsed 
and again there is no pulse waveform on the output. Under the condition that the input that 
is not being pulsed is at a LOW level, this test shows that the output is internally open. 





From 
function Sess 
generator Pr. 


Scope 





+Voc 


(a) Pulse input on pin 11. No pulse output. 


+ FIGURE 3-69 











From 
function aint 
generator 2 


— cope 
probe 





/ Scope 


probe 









+Voc 


(b) Pulse input on pin 12. No pulse output. 


Troubleshooting a NOR gate for an open output. 


Shorted Input or Output Although not as common as an open, an internal short to the dc 
supply voltage, the ground, another input, or an output can occur. When an input or output 
is shorted to the supply voltage, it will be stuck in the HIGH state. If an input or output is 
shorted to the ground, it will be stuck in the LOW state (0 V). If two inputs or an input and 


an output are shorted together, they will always be at the same level. 
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_ External Opens and Shorts 


Many failures involving digital ICs are due to faults that are external to the IC package. 
These include bad solder connections, solder splashes, wire clippings, improperly etched 
printed circuit (PC) boards, and cracks or breaks in wires or printed circuit interconnec- 
tions. These open or shorted conditions have the same effect on the logic gate as the inter- 
nal faults, and troubleshooting is done in basically the same ways. A visual inspection of 
any circuit that is suspected of being faulty is the first thing a technician should do. 


EXAMPLE 3-24 


= 163 


You are checking a 74LS10 triple 3-input NAND gate IC that is one of many ICs 
located on a PC board. You have checked pins | and 2 and they are both HIGH. Now 
you apply a pulse waveform to pin 13, and place your scope probe first on pin 12 and 
then on the connecting PC board trace, as indicated in Figure 3—70. Based on your 
observation of the scope screen, what is the most likely problem? 








Input 
Output (aap aeee eee eee Pp 
on trace Ba 





Output 
on pin 
Input from 
function 
generator 


2 Vcc 





HIGH 


4 FIGURE 3-70 


Solution The waveform with the probe in position | shows that there is pulse activity on the 
gate output at pin 12, but there are no pulses on the PC board trace as indicated by the 
probe in position 2. The gate is working properly, but the signal is not getting from pin 
12 of the IC to the PC board trace. 

Most likely there is a bad solder connection between pin 12 of the IC and the PC 
board, which is creating an open. You should resolder that point and check it again. 


Related Problem If there are no pulses at either point in Figure 3-70, what fault(s) does this indicate? 
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EXAMPLE 3-25 


» FIGURE 3-71 


In most cases, you will be troubleshooting ICs that are mounted on PC boards or proto- 
type assemblies and interconnected with other ICs. As you progress through this book, you 
will learn how different types of digital ICs are used together to perform system functions. 
At this point, however, we are concentrating on individual IC gates. This limitation does not 
prevent us from looking at the system concept at a very basic and simplified level. 

To continue the emphasis on systems, Examples 3—25 and 3-26 deal with troubleshoot- 
ing the frequency counter that was introduced in Section 3-2. 


After trying to operate the frequency counter shown in Figure 3—71, you find that it 
constantly reads out all Os on its display, regardless of the input frequency. Determine 
the cause of this malfunction. The enable pulse has a width of 1 s. 

Figure 3—71(a) gives an example of how the frequency counter should be working 
with a 12 Hz pulse waveform on the input to the AND gate. Part (b) shows that the 
display is improperly indicating 0 Hz. 






Input signal 
Enable input 


+ 74LS08 
ca Reset pulse J 


(a) The counter is working properly. 


Input signal 
Enable input = 
| 4+74LS08 
| 

al Reset pulse J 


(b) The counter is not measuring a frequency. 


TROUBLESHOOTING ® 165 


Solution Three possible causes are 


1. A constant active or asserted level on the counter reset input, which keeps the 
counter at zero. 


2. No pulse signal on the input to the counter because of an internal open or short in 
the counter. This problem would keep the counter from advancing after being 
reset to zero. 


3. No pulse signal on the input to the counter because of an open AND gate output or 
the absence of input signals, again keeping the counter from advancing from zero. 


The first step is to make sure that Voc and ground are connected to all the right 
places; assume that they are found to be okay. Next, check for pulses on both inputs to 
the AND gate. The scope indicates that there are proper pulses on both of these inputs. 
A check of the counter reset shows a LOW level which is known to be the unasserted 
level and, therefore, this is not the problem. The next check on pin 3 of the 74LS08 
shows that there are no pulses on the output of the AND gate, indicating that the gate 
output is open. Replace the 74LS08 IC and check the operation again. 


Related Problem If pin 2 of the 74LS08 AND gate is open, what indication should you see on the 
frequency display? 





: EXAMPLE 3-26 
The frequency counter shown in Figure 3—72 appears to measure the frequency of 


input signals incorrectly. It is found that when a signal with a precisely known 








Input signal 


Enable input 





+ 74LS08 


S: 
= 








Reset pulse 


A FIGURE 3-72 
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frequency is applied to pin | of the AND gate, the oscilloscope display indicates a 
higher frequency. Determine what is wrong. The readings on the screen indicate 
sec/div. 


gate for exactly | s. The number of pulses counted in | s is equal to the frequency in 
hertz (cycles per second). Therefore, the 1 s interval, which is produced by the enable 
pulse on pin 2 of the AND gate, is very critical to an accurate frequency measurement. 
The enable pulses are produced internally by a precision oscillator circuit. The pulse 
must be exactly 1 s in width and in this case it occurs every 3 s to update the count. 
Just prior to each enable pulse, the counter is reset to zero so that it starts a new count 
each time. 

Since the counter appears to be counting more pulses than it should to produce a 
frequency readout that is too high, the enable pulse is the primary suspect. Exact time- 

| interval measurements must be made on the oscilloscope. 

An input pulse waveform of exactly 10 Hz is applied to pin 1 of the AND gate and 
the display incorrectly shows 12 Hz. The first scope measurement, on the output of the 
AND gate, shows that there are 12 pulses for each enable pulse. In the second scope 
measurement, the input frequency is verified to be precisely 10 Hz (period = 100 ms). 
In the third scope measurement, the width of the enable pulse is found to be 1.2 s 
rather than | s. 

The conclusion is that the enable pulse is out of calibration for some reason. 


Solution Recall from Section 3—2 that the input pulses were allowed to pass through the AND 


Related Problem What would you suspect if the readout were indicating a frequency less than it 
should be? 





[SECTION 3-9 | 
| [REVIEW 1. What are the most common types of failures in ICs? | 


2. If two different input waveforms are applied to a 2-input TTL NAND gate and the 
output waveform is just like one of the inputs, but inverted, what is the most likely 
problem? 


3. Name two characteristics of pulse waveforms that can be measured on the 
oscilloscope. | 


Proper grounding is very important when setting up to take measurements or work on a 
circuit. Properly grounding the oscilloscope protects you from shock and grounding your- 
self protects your circuits from damage. Grounding the oscilloscope means to connect it 
to earth ground by plugging the three-prong power cord into a grounded outlet. 
Grounding yourself means using a wrist-type grounding strap, particularly when you are 
working with CMOS circuits. 

Also, for accurate measurements, make sure that the ground in the circuit you are test- 
ing is the same as the scope ground. This can be done by connecting the ground lead on 
the scope probe to a known ground point in the circuit, such as the metal chassis or a 
ground point on the circuit board. You can also connect the circuit ground to the GND 
jack on the front panel of the scope. 
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Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 


» FIGURE 3-73 
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The inverter output is the complement of the input. 

The AND gate output is HIGH only when all the inputs are HIGH. 

The OR gate output is HIGH when any of the inputs is HIGH. 

The NAND gate output is LOW only when all the inputs are HIGH. 

The NAND can be viewed as a negative-OR whose output is HIGH when any input is LOW. 
The NOR gate output is LOW when any of the inputs is HIGH. 


The NOR can be viewed as a negative-AND whose output is HIGH only when all the inputs 
are LOW. 


The exclusive-OR gate output is HIGH when the inputs are not the same. 
The exclusive-NOR gate output is LOW when the inputs are not the same. 


Distinctive shape symbols and truth tables for various logic gates (limited to 2 inputs) are shown 
in Figure 3—73. 
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Note: Active states are shown in yellow. 


Most programmable logic devices (PLDs) are based on some form of AND array. 
Programmable link technologies are fuse, antifuse, EPROM, EEPROM, and SRAM. 


A PLD can be programmed in a hardware fixture called a programmer or mounted on a 
development printed circuit board. 


PLDs have an associated software development package for programming. 


Two methods of design entry using programming software are text entry (HDL) and graphic 
(schematic) entry. 


ISP PLDs can be programmed after they are installed in a system. 


JTAG stands for Joint Test Action Group and is an interface standard (IEEE Std. 1149.1) used 
for programming and testing PLDs. 


An embedded processor is used to facilitate in-system programming of PLDs. 
CMOS is made with MOS field-effect transistors. 
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m TTL is made with bipolar junction transistors. 
™® Asarule, CMOS has a lower power consumption than TTL. 


m The average power dissipation of a logic gate is 


locu + Icer 
Py = Veo( oon Hen 


m The speed-power product of a logic gate is 


SPP = 1,Pp 


TKEYTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


AND array An array of AND gates consisting of a matrix of programmable interconnections. 





AND gate A logic gate that produces a HIGH output only when all of the inputs are HIGH. 


Antifuse A type of PLD nonvolatile programmable link that can be left open or can be shorted once 
as directed by the program. 


Boolean algebra The mathematics of logic circuits. 


CMOS Complementary metal-oxide semiconductor; a class of integrated logic circuits that is imple- 
mented with a type of field-effect transistor. 


Complement The inverse or opposite of a number. LOW is the complement of HIGH, and 0 is the 
complement of 1. 


EEPROM A type of nonvolatile PLD programmable link based on electrically erasable programma- 
ble read-only memory cells and can be turned on or off repeatedly by programming. 


Enable To activate or put into an operational mode; an input on a logic circuit that enables its 
operation. 

EPROM A type of PLD nonvolatile programmable link based on electrically programmable read- 
only memory cells and can be turned either on or off once with programming. 


Exclusive-OR (XOR) gate A logic gate that produces a HIGH output only when its two inputs are 
at opposite levels. 


Exclusive-NOR gate A logic gate that produces a LOW only when the two inputs are at opposite 
levels. 


Fan-out The number of equivalent gate inputs of the same family series that a logic gate can drive. 


Fuse A type of PLD nonvolatile programmable link that can be left shorted or can be opened once as 
directed by the program. 


Inverter A logic circuit that inverts or complements its input. 

JTAG Joint Test Action Group; an interface standard designated IEEE Std. 1149.1. 

NAND gate A logic gate that produces a LOW output only when all the inputs are HIGH. 
NOR gate A logic gate in which the output is LOW when one or more of the inputs are HIGH. 
OR gate A logic gate that produces a HIGH output when one or more inputs are HIGH. 


Propagation delay time The time interval between the occurrence of an input transition and the oc- 
currence of the corresponding output transition in a logic circuit. 


SRAM A type of PLD volatile programmable link based on static random-access memory cells and 
can be turned on or off repeatedly with programming. 


Target device A PLD mounted on a programming fixture or development board into which a soft- 
ware logic design is to be downloaded. 


Timing diagram A diagram of waveforms showing the proper timing relationship of all the waveforms. 
Truth table A table showing the inputs and corresponding output(s) of a logic circuit. 
TTL Transistor-transistor logic; a class of integrated logic circuits that uses bipolar junction transistors. 


Unit load A measure of fan-out. One gate input represents one unit load to the output of a gate within 
the same IC family. 
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SELE TEST Answers are at the end of the chapter. 


1. 


10. 


11. 


When the input to an inverter is HIGH (1), the output is 

(a) HIGH or 1 (b) LOW or 1 (c) HIGH or 0 (d) LOW or 0 

An inverter performs an operation known as 

(a) complementation (b) assertion 

(c) inversion (d) both answers (a) and (c) 

The output of an AND gate with inputs A, B, and C is a 1 (HIGH) when 
(yvA=1,B=1,C=1 (b)A=1,B=0,C=1 (c)A =0,B=0,C =0 
The output of an OR gate with inputs A, B, and C is a 1 (HIGH) when 
(vA=1,B=1,C=1 (b)A =0,B=0,C=1 (c)A =0,B=0,C=0 
(d) answers (a), (b), and (c) (e) only answers (a) and (b) 


A pulse is applied to each input of a 2-input NAND gate. One pulse goes HIGH at t = O and 
goes back LOW at t = 1 ms. The other pulse goes HIGH at t = 0.8 ms and goes back LOW at 
t = 3 ms. The output pulse can be described as follows: 


(a) It goes LOW at t = O and back HIGH at ¢ = 3 ms. 

(b) It goes LOW at t = 0.8 ms and back HIGH at tf = 3 ms. 
(c) It goes LOW at t = 0.8 ms and back HIGH at tf = | ms. 
(d) It goes LOW at t = 0.8 ms and back LOW at t = | ms. 


A pulse is applied to each input of a 2-input NOR gate. One pulse goes HIGH at tf = 0 and 
goes back LOW at t = 1 ms. The other pulse goes HIGH at t = 0.8 ms and goes back LOW at 
t = 3 ms. The output pulse can be described as follows: 


(a) It goes LOW at t = 0 and back HIGH at t = 3 ms. 

(b) It goes LOW at ¢ = 0.8 ms and back HIGH at t = 3 ms. 
(c) It goes LOW at t = 0.8 ms and back HIGH at t = | ms. 
(d) It goes HIGH at t = 0.8 ms and back LOW at t = | ms. 


A pulse is applied to each input of an exclusive-OR gate. One pulse goes HIGH at tf = 0 and 
goes back LOW at t = | ms. The other pulse goes HIGH at ¢ = 0.8 ms and goes back LOW at 
t = 3 ms. The output pulse can be described as follows: 


(a) It goes HIGH at ¢t = 0 and back LOW at t = 3 ms. 
(b) It goes HIGH at t = 0 and back LOW at ¢ = 0.8 ms. 
(c) It goes HIGH at t = 1 ms and back LOW at t = 3 ms. 
(d) both answers (b) and (c) 


A positive-going pulse is applied to an inverter. The time interval from the leading edge of the 
input to the leading edge of the output is 7 ns. This parameter is 


(a) speed-power product (b) propagation delay, tpy; 
(c) propagation delay, tp; 4 (d) pulse width 

The purpose of a programmable link in an AND array is to 
(a) connect an input variable to a gate input 

(b) connect a row to a column in the array matrix 

(c) disconnect a row from a column in the array matrix 

(d) do all of the above 

The term OTP means 

(a) open test point (b) one-time programmable 
(c) output test program (d) output terminal positive 
Types of PLD programmable link process technologies are 
(a) antifuse (b) EEPROM 

(c) ROM (d) both (a) and (b) 

(e) both (a) and (c) 
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12. A volatile programmable link technology is 
(a) fuse (b) EPROM 
(c) SRAM (d) EEPROM 
13. Two ways to enter a logic design using PLD development software are 
(a) text and numeric (b) text and graphic 
(c) graphic and coded (d) compile and sort 
14. JTAG stands for 
(a) Joint Test Action Group (b) Java Top Array Group 
(c) Joint Test Array Group (d) Joint Time Analysis Group 
15. In-system programming of a PLD typically utilizes 
(a) an embedded clock generator (b) an embedded processor 
(c) an embedded PROM (d) both (a) and (b) 
(e) both (b) and (c) 
16. To measure the period of a pulse waveform, you must use 
(a) a DMM (b) a logic probe 
(c) an oscilloscope (d) a logic pulser 
17. Once you measure the period of a pulse waveform, the frequency is found by 
(a) using another setting (b) measuring the duty cycle 


(c) finding the reciprocal of the period (d) using another type of instrument 


PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 3-1. The Inverter 


1. The input waveform shown in Figure 3—74 is applied to an inverter. Draw the timing diagram 
of the output waveform in proper relation to the input. 


» FIGURE 3-74 HIGH 
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2. A network of cascaded inverters is shown in Figure 3—75. If a HIGH is applied to point A, 
determine the logic levels at points B through F. 


» FIGURE 3-75 B C D 


SECTION 3-2 The AND Gate 


3. Determine the output, X, for a 2-input AND gate with the input waveforms shown in Figure 3—76. 
Show the proper relationship of output to inputs with a timing diagram. 


® FIGURE 3-76 ie i | 
1 | | 


» FIGURE 3-78 


» FIGURE 3-79 


SECTION 3-3 


» FIGURE 3-80 


SECTION 3-4 


» FIGURE 3-81 
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4. Repeat Problem 3 for the waveforms in Figure 3-77. 


> FIGURE 3-77 A 


5, The input waveforms applied to a 3-input AND gate are as indicated in Figure 3—78. Show the 
output waveform in proper relation to the inputs with a timing diagram. 


6. The input waveforms applied to a 4-input AND gate are as indicated in Figure 3—79. Show the 
output waveform in proper relation to the inputs with a timing diagram. 


= 
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The OR Gate 


7. Determine the output for a 2-input OR gate when the input waveforms are as in Figure 3-77 
and draw a timing diagram. 


8. Repeat Problem 5 for a 3-input OR gate. 
9. Repeat Problem 6 for a 4-input OR gate. 


10. For the five input waveforms in Figure 3—80, determine the output for a 5-input AND gate and 
the output for a 5-input OR gate. Draw the timing diagram. 


The NAND Gate 


11. For the set of input waveforms in Figure 3-81, determine the output for the gate shown and 
draw the timing diagram. 
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» FIGURE 3-82 


» FIGURE 3-83 


» FIGURE 3-84 


SECTION 3-5 


» FIGURE 3-85 


» FIGURE 3-86 


12. Determine the gate output for the input waveforms in Figure 3—82 and draw the timing 
diagram. 
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14. As you have learned, the two logic symbols shown in Figure 3—84 represent equivalent 
operations. The difference between the two is strictly from a functional viewpoint. For the 
NAND symbol, look for two HIGHs on the inputs to give a LOW output. For the negative- 
OR, look for at least one LOW on the inputs to give a HIGH on the output. Using these two 
functional viewpoints, show that each gate will produce the same output for the given 
inputs. 


The NOR Gate 
15. Repeat Problem 11 for a 2-input NOR gate. 


16. Determine the output waveform in Figure 3—85 and draw the timing diagram. 


17. Repeat Problem 13 for a 4-input NOR gate. 


18. The NAND and the negative-OR symbols represent equivalent operations, but they are 
functionally different. For the NOR symbol, look for at least one HIGH on the inputs to give a 
LOW on the output. For the negative-AND, look for two LOWs on the inputs to give a HIGH 
output. Using these two functional points of view, show that both gates in Figure 3-86 will 
produce the same output for the given inputs. 


A 
A B 


X 
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SECTION 3-6 _ The Exclusive-OR and Exclusive-NOR Gates 
19. How does an exclusive-OR gate differ from an OR gate in its logical operation? 
20. Repeat Problem 11 for an exclusive-OR gate. 
21. Repeat Problem 11 for an exclusive-NOR gate. 


22. Determine the output of an exclusive-OR gate for the inputs shown in Figure 3-77 and draw a 
timing diagram. 


SECTION 3-7 Programmable Logic 


23. Inthe simple programmed AND array with programmable links in Figure 3-87, determine the 
Boolean output expressions. 


» FIGURE 3-87 





24. Determine by row and column number which fusible links must be blown in the 
programmable AND array of Figure 3-88 to implement each of the following product terms: 
X, = ABC, X, = ABC, X; = ABC. 


» FIGURE 3-88 
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SECTION 3-8 _ Fixed-Function Logic 


25. In the comparison of certain logic devices, it is noted that the power dissipation for one 
particular type increases as the frequency increases. Is the device TTL or CMOS? 


26. Using the data sheets in Figures 3-65 and 3-66, determine the following: 
(a) 74LS00 power dissipation at maximum supply voltage and a 50% duty cycle 
(b) Minimum HIGH level output voltage for a 74LS00 
(c) Maximum propagation delay for a 74LS00 
(d) Maximum LOW level output voltage for a 74HCOOA 
(e) Maximum propagation delay for a 74HCOOA 


27. Determine tp, ;, and tp, from the oscilloscope display in Figure 3-89. The readings indicate 
V/div and sec/div for each channel. 


» FIGURE 3-89 
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28. Gate A has tp;y = tpy, = 6 ns. Gate B has tp, = tpy, = 10 ns. Which gate can be operated at 
a higher frequency? 

29. If a logic gate operates on a de supply voltage of +5 V and draws an average current of 4 mA, 
what is its power dissipation? 

30. The variable /.cy represents the de supply current from Vcec when all outputs of an IC are 
HIGH. The variable /.¢;, represents the de supply current when all outputs are LOW. For a 
74LSO00 IC, determine the typical power dissipation when all four gate outputs are HIGH. (See 
data sheet in Figure 3-65.) 


SECTION 3-9 Troubleshooting 
31. Examine the conditions indicated in Figure 3-90, and identify the faulty gates. 





0 
1 I 0 0 1 l 
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(a) (b) (c) (d) (e) (f) 
& FIGURE 3-90 


32. Determine the faulty gates in Figure 3—91 by analyzing the timing diagrams. 
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4 FIGURE 3-91 


» FIGURE 3-92 
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33. Using an oscilloscope, you make the observations indicated in Figure 3—92. For each 





34. 


ae 


36. 


observation determine the most likely gate failure. 


ia 





GND 
(a) 





(b) 


The seat belt alarm circuit in Figure 3-16 has malfunctioned. You find that when the ignition 
switch is turned on and the seat belt is unbuckled, the alarm comes on and will not go off. 
What is the most likely problem? How do you troubleshoot it? 

Every time the ignition switch is turned on in the circuit of Figure 3-16, the alarm comes on 
for thirty seconds, even when the seat belt is buckled. What is the most probable cause of this 
malfunction? 


What failure(s) would you suspect if the output of a 3-input NAND gate stays HIGH no matter 
what the inputs are? 
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&» FIGURE 3-93 


» FIGURE 3-94 








Special Design Problems 


O7. 


38. 


ay, 


40. 


Sensors are used to monitor the pressure and the temperature of a chemical solution stored 
in a vat. The circuitry for each sensor produces a HIGH voltage when a specified maximum 
value is exceeded. An alarm requiring a LOW voltage input must be activated when either 
the pressure or the temperature is excessive. Design a circuit for this application. 


In a certain automated manufacturing process, electrical components are automatically 
inserted in a PC board. Before the insertion tool is activated, the PC board must be properly 
positioned, and the component to be inserted must be in the chamber. Each of these 
prerequisite conditions is indicated by a HIGH voltage. The insertion tool requires a LOW 
voltage to activate it. Design a circuit to implement this process. 


Modify the frequency counter in Figure 3-15 to operate with an enable pulse that is active- 
LOW rather than HIGH during the | s interval. 


Assume that the enable signal in Figure 3-15 has the waveform shown in Figure 3—93. 
Assume that waveform B is also available. Devise a circuit that will produce an active-HIGH 
reset pulse to the counter only during the time that the enable signal is LOW. 


Enable | | | | | 


41. 


Ignition HIGH = On 
switch LOW = Off 


Light HIGH =On 
switch LOW = Off 


42. 


43. 


+1 | 


Design a circuit to fit in the beige block of Figure 3—94 that will cause the headlights of an 
automobile to be turned off automatically 15 s after the ignition switch is turned off, if the 
light switch is left on. Assume that a LOW is required to turn the lights off. 


LOW turns off the lights. 





| Headlight 
_ contro! ~~ 






Modify the logic circuit for the intrusion alarm in Figure 3—24 so that two additional rooms, 
each with two windows and one door, can be protected. 


Further modify the logic circuit from Problem 42 for a change in the input sensors where 
Open = LOW and Closed = HIGH. 


Multisim Troubleshooting Practice 


44. 


45. 


46. 


47. 


Open file PO3-44, connect the Multisim logic converter to the circuit, and observe the 
operation of the AND gate. Based on the observed inputs and output, determine the most 
likely fault in the gate. 

Open file PO3-45, connect the Multisim logic converter to the circuit, and observe the 
operation of the NAND gate. Based on the observed inputs and output, determine the most 
likely fault in the gate. 


Open file PO3-46, connect the Multisim logic converter to the circuit, and observe the 
operation of the NOR gate. Based on the observed inputs and output, determine the most likely 
fault in the gate. 


Open file PO3-47, connect the Multisim logic converter to the circuit, and observe the 
operation of the exclusive-OR gate. Based on the observed inputs and output, determine the 
most likely fault in the gate. 
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SECTION 3-1 


SECTION 3-2 


SECTION 3-3 


SECTION 3-4 


SECTION 3-5 


SECTION 3-6 


SECTION 3-7 





The Inverter 
1 
2. 


When the inverter input is 1, the output is 0. 


(a) 
> 


(b) A negative-going pulse is on the output (HIGH to LOW and back HIGH). 


The AND Gate 


1. 
2. 
J. 


An AND gate output is HIGH only when all inputs are HIGH. 
An AND gate output is LOW when one or more inputs are LOW. 


Five-input AND: X = 1 when ABCDE = 11111, and X = 0 for all other combinations of 
ABCDE. 


The OR Gate 


1. 
2. 
a 


An OR gate output is HIGH when one or more inputs are HIGH. 
An OR gate output is LOW only when all inputs are LOW. 


Three-input OR: X = 0 when ABC = 000, and X = | for all other combinations 
of ABC. 


The NAND Gate 


1. 
2. 
RA 


A NAND output is LOW only when all inputs are HIGH. 
A NAND output is HIGH when one or more inputs are LOW. 


NAND: active-LOW output for all HIGH inputs; negative-OR: active-HIGH output for one or 
more LOW inputs. They have the same truth tables. 


X = ABC 


The NOR Gate 


1. 
2. 
S: 


A NOR output is HIGH only when all inputs are LOW. 
A NOR output is LOW when one or more inputs are HIGH. 


NOR: active-LOW output for one or more HIGH inputs; negative-AND: active-HIGH output 
for all LOW inputs. They have the same truth tables. 


A=A+BtC 


The Exclusive-OR and Exclusive-NOR Gates 


1. 
2. 
J 


An XOR output is HIGH when the inputs are at opposite levels. 
An XNOR output is HIGH when the inputs are at the same levels. 
Apply the bits to the XOR inputs; when the output is HIGH, the bits are different. 


Programmable Logic 


1. 


Fuse, antifuse, EPROM, EEPROM, and SRAM 


2. Volatile means that all the data are lost when power is off and the PLD must be reprogrammed; 


SRAM-based 
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3. Text entry and graphic entry 


4. JTAG is Joint Test Action Group; the IEEE Std. 1149.1 for programming and test 
interfacing. 


SECTION 3-8  Fixed-Function Logic 
1. CMOS and TTL 
2. (a) LS—Low-power Schottky (b) ALS—Advanced LS 


(c) F—fast TTL (d) HC—High-speed CMOS 
(e) AC—Advanced CMOS (f) HCT—HC CMOS TTL compatible 
(g) LV—Low-voltage CMOS 

3. (a) 74LS04—Hex inverter (b) 74HCOO—Quad 2-input NAND 
(c) 74LVO08—Quad 2-input AND (d) 74ALS10—Triple 3-input NAND 
(e) 7432—Quad 2-input OR (f) 74ACT11—Triple 3-input AND 


(g) 74AHCO2—Quad 2-input NOR 

Lowest power—CMOS 

Six inverters in a package; four 2-input NAND gates in a package 

tpry = 10 ns; tpy, = 8 ns 

18 pJ 

- Icey —de supply current for LOW output state; J~¢y—dc supply current for HIGH output 
State 


eI DM - 


9. V,;,—LOW input voltage; V;;—HIGH input voltage 
10. Vo, —LOW output voltage; Vo,,—HIGH output voltage 


SECTION 3-9 _ Troubleshooting 


1. Opens and shorts are the most common failures. 





2. An open input which effectively makes input HIGH 
3. Amplitude and period 





3-1 The timing diagram is not affected. 
3-2 See Table 3-13. 


» TABLE 3-13 


INPUTS OUTPUT INPUTS OUTPUT 


ABCD X raved & B) X 





0000 0 1000 0 
0001 0 1001 0 
0010 0 1010 0 
0011 0 1011 0 
0100 0 1100 0 
0101 0 1101 0 
0110 0 1110 0 
O11] 0 1111 





3-3 See Figure 3-95. 


» FIGURE 3-95 
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3-4 The output waveform is the same as input A. 


3-5 See Figure 3-96. 
3-6 See Figure 3-97. 


4 FIGURE 3-96 


3-7 See Figure 3-98. 
3-8 See Figure 3-99. 


& FIGURE 3-98 


3-9 See Figure 3-100. 
3-10 See Figure 3-101. 


A FIGURE 3-100 


& FIGURE 3-97 


C=LOW 


A FIGURE 3-99 


A FIGURE 3-101 
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3-11 Use a 3-input NAND gate. 
3-12 Use a 4-input NAND gate operating as a negative-OR gate. 
3-13 See Figure 3-102. 


» FIGURE 3-102 Bi | | | | 


3-14 
3-15 


See Figure 3-103. 
See Figure 3-104. 


A FIGURE 3-103 & FIGURE 3-104 


3-16 
3-17 
3-18 
3-19 


Use a 2-input NOR gate. 
A 3-input NAND gate. 
The output is always LOW. The timing diagram is a straight line. 


The exclusive-OR gate will not detect simultaneous failures if both circuits produce the 
Same outputs. 


3-20 The outputs are unaffected. 
3-21 6 columns, 9 rows, and 3 AND gates with three inputs each 
3-22 The gate with 4 ns fp,,, and tpy, can operate at the highest frequency. 
3-23 10 mW 
3-24 The gate output or pin 13 input is internally open. 
3-25 The display will show an erratic readout because the counter continues until reset. 
3-26 The enable pulse is too short or the counter is reset too soon. 
SELF-TEST 
1. (d) 2. (d) 3. (a) 4. (e) 3s (c) 6. (a) 7. (d) 8. (b) 9. (d) 


10. (b) 


11. (d) 12(c) 13.(b) 14.(a) 15.(d) 16. (c) 17. (c) 
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4-7 Boolean Expressions and Truth Tables 














4-1 Boolean Operations and Expressions =, The Kamugn Map 

4-2 Laws and Rules of Boolean Algebra sed pSRBUE Leo me Ninaraton 
4-3 DeMoren’s Theorems 4-10  Karnaugh Map POS Minimization 
4—4 Boolean Analysis of Logic Circuits shy (a peak eek pein 


4-5 Simplification Using Boolean Algebra -12 VHDL (optional) 


4-6 Standard Forms of Boolean Expressions Digital System Application 





CHAPTER OBJECTIVES 


© Apply the basic laws and rules of Boolean algebra 

" Apply DeMorgan’s theorems to Boolean expressions 
© Describe gate networks with Boolean expressions 

©" Evaluate Boolean expressions 


© Simplify expressions by using the laws and rules of Boolean 
algebra 


"Convert any Boolean expression into a sum-of-products (SOP) 
form 


© Convert any Boolean expression into a product of-sums (POS) 
form 


» Use a Karnaugh map to simplify Boolean expressions 

© Use a Karnaugh map to simplify truth table functions 

© Utilize “don’t care” conditions to simplify logic functions 
© Write a VHDL program for simple logic 


"Apply Boolean algebra, the Karnaugh map method, and VHDL 
to a system application 


KEY TERMS 


Variable Product-of-sums (POS) 
Complement Karnaugh map 
Sum term Minimization 
“Don’t care” 


VHDL 


Product term 


Sum-of-products (SOP) 









INTRODUCTION 


In 1854, George Boole published a work titled An 
Investigation of the Laws of Thought, on Which Are Founded 
the Mathematical Theories of Logic and Probabilities. It was 
in this publication that a “logical algebra,” known today as 
Boolean algebra, was formulated. Boolean algebra is a 
convenient and systematic way of expressing and analyzing 
the operation of logic circuits. Claude Shannon was the first 
to apply Boole’s work to the analysis and design of logic 
circuits. In 1938, Shannon wrote a thesis at MIT titled 

A Symbolic Analysis of Relay and Switching Circuits. 

This chapter covers the laws, rules, and theorems of 
Boolean algebra and their application to digital circuits. You 
will learn how to define a given circuit with a Boolean 
expression and then evaluate its operation. You will also 
learn how to simplify logic circuits using the methods of 
Boolean algebra and Karnaugh maps. 

The hardware description language VHDL for 


programming logic devices is introduced. 


H&B DIGITAL SYSTEM APPLICATION PREVIEW 





The Digital System Application illustrates concepts taught in 
this chapter. The 7-segment display logic in the tablet 
counting and control system from Chapter 1 is a good way 
to illustrate the application of Boolean algebra and the 
Karnaugh map method to obtain the simplest possible 
implementation in the design of logic circuits. Therefore, in 
this digital system application, the focus is on the BCD to 
/-segment logic that drives the two system displays shown in 
Figure 1-58. 





VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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ET BOOLEAN OPERATIONS AND EXPRESSIONS 


COMPUTER NOTE 





In a microprocessor, the 
arithmetic logic unit (ALU) 
performs arithmetic and Boolean 
logic operations on digital data as 
directed by program instructions. 
Logical operations are equivalent 
to the basic gate operations that 
you are familiar with but deal with 
a minimum of 8 bits at a time. 
Examples of Boolean logic 
instructions are AND, OR, NOT, 
and XOR, which are called 
mnemonics. An assembly language 
program uses the mnemonics to 
specify an operation. Another 
program called an assembler 
translates the mnemonics into a 
binary code that can be 
understood by the microprocessor. 


The OR gate is a Boolean adder. 


Boolean algebra is the mathematics of digital systems. A basic knowledge of Boolean 
algebra is indispensable to the study and analysis of logic circuits. In the last chapter, 
Boolean operations and expressions in terms of their relationship to NOT, AND, OR, 
NAND, and NOR gates were introduced. 


After completing this section, you should be able to 


=m Define variable = Define literal = Identify asum term ™ Evaluate a sum term 
= Identify a product term = Evaluate a product term ™ Explain Boolean addition 
= Explain Boolean multiplication 


Variable, complement, and literal are terms used in Boolean algebra. A variable is a 
symbol (usually an italic uppercase letter) used to represent a logical quantity. Any single 
variable can have a | or a 0 value. The complement is the inverse of a variable and is indi- 
cated by a bar over the variable (overbar). For example, the complement of the variable A 
is A. IfA = 1, then A=. A= QO, then A= 1. The complement of the variable A is read 
as “not A” or “A bar.’ Sometimes a prime symbol rather than an overbar is used to denote 
the complement of a variable; for example, B’ indicates the complement of B. In this book, 
only the overbar is used. A literal is a variable or the complement of a variable. 


Boolean Addition 


Recall from Chapter 3 that Boolean addition is equivalent to the OR operation and the ba- 
sic rules are illustrated with their relation to the OR gate as follows: 


0+0=0 O+ T= 4 14-024 Ds bet 


wiivlivlae 


In Boolean algebra, a sum term is a sum of literals. In logic circuits, a sum term is pro- 
duced by an OR operation with no AND operations involved. Some examples of sum terms 
areA + B,A + B,A+B+C,andA+B+C+D. 

A sum term is equal to 1 when one or more of the literals in the term are 1. A sum term 
is equal to 0 only if each of the literals is 0. 


| EXAMPLE 4-1 


Solution 


Determine the values of A, B, C, and D that make the sum term A + H+Ca Dp 
equal to 0. 


For the sum term to be 0, each of the literals in the term must be 0. Therefore, A = 0, 


B =1so0 that B = 0, C = 0, and D = 1s0 that D = 0. 
A+B+C+D=04+1+0+1=0+0+0+0=0 


Related Problem* Determine the values of A and B that make the sum term A + B equal to 0. 


“Answers are at the end of the chapter. | 
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Boolean Multiplication 


Also recall from Chapter 3 that Boolean multiplication is equivalent to the AND operation The AND gate is a Boolean 
and the basic rules are illustrated with their relation to the AND gate as follows: multiplier. 


Gel=O0 ts0s0 12121 


sljelteliel 


In Boolean algebra, a product term is the product of literals. In logic circuits, a prod- 
uct term is produced by an AND operation with no OR operations involved. Some exam- 
ples of product terms are AB, AB, ABC, and ABCD. 

A product term is equal to | only if each of the literals in the term is |. A product term 
is equal to 0 when one or more of the literals are 0. 






EXAMPLE 4-2 rye 
Determine the values of A, B, C, and D that make the product term ABCD equal to 1. 


Solution For the product term to be 1, each of the literals in the term must be 1. Therefore, A = 
1,8 = Osothat B = 1,C = 1, and D = 0so that D = 1. 


ABCD = 1-0-1-0 = T° 1-1 = i 


Related Problem Determine the values of A and B that make the product term A B equal to 1. 





| [section 4-1 . | 
| [REVIEW 1. If A = 0, what does A equal? | 


Answers are at the end of the 2. Determine the values of A, B, and C that make the sum term A Bee equal to 0. 
chapter 3. Determine the values of A, B, and C that make the product term ABC equal to 1. 


22 Laws AND RULES OF BOOLEAN ALGEBRA 


As in other areas of mathematics, there are certain well-developed rules and laws that 
must be followed in order to properly apply Boolean algebra. The most important of 
these are presented in this section. 


After completing this section, you should be able to 


= Apply the commutative laws of addition and multiplication ™ Apply the associative 
laws of addition and multiplication ™ Apply the distributive law = Apply twelve basic 
rules of Boolean algebra 


_Laws of Boolean Algebra 


The basic laws of Boolean algebra—the commutative laws for addition and multiplication, 
the associative laws for addition and multiplication, and the distributive law—are the 
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same as in ordinary algebra. Each of the laws is illustrated with two or three variables, but 
the number of variables is not limited to this. 


Commutative Laws The commutative law of addition for two variables is written as 
Equation 4-1 A+B=B+A 


This law states that the order in which the variables are ORed makes no difference. Re- 
member, in Boolean algebra as applied to logic circuits, addition and the OR operation are 
the same. Figure 4—1 illustrates the commutative law as applied to the OR gate and shows 
that it doesn’t matter to which input each variable is applied. (The symbol = means “equiv- 
alent to.”’) 


>» FIGURE 4-1 


oats etn nTeRee einem B 
Application of commutative law of R _)>- A+ = , _) > B+A 


addition. 


The commutative law of multiplication for two variables is 
Equation 4-2 AB = BA 
This law states that the order in which the variables are ANDed makes no difference. Figure 


4—2 illustrates this law as applied to the AND gate. 


» FIGURE 4-2 


Se A B 
Application of commutative law of B —| >} AB ; —| } BA 


multiplication. 


Associative Laws The associative law of addition is written as follows for three variables: 
Equation 4-3 A+ (6-4 C)= (Ar B+ 


This law states that when ORing more than two variables, the result is the same regardless of 
the grouping of the variables. Figure 4—3 illustrates this law as applied to 2-input OR gates. 


» FIGURE 4-3 


Application of associative law of 


addition. Open file F04-03 to verify. B 
(At D) + © 





The associative law of multiplication is written as follows for three variables: 
Equation 4—4 A(BC) = (AB)C 


This law states that it makes no difference in what order the variables are grouped when 
ANDing more than two variables. Figure 4—4 illustrates this law as applied to 2-input 
AND gates. 


» FIGURE 4-4 ‘ ; 

Application of associative law of A(BC) : AB 

multiplication. Open file F04-04 to B = : 
verify. C BC C (AB)C 


Distributive Law The distributive law is written for three variables as follows: 


Equation 4-5 A(B + C) =AB+ AC 
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This law states that ORing two or more variables and then ANDing the result with a sin- 
gle variable is equivalent to ANDing the single variable with each of the two or more vari- 
ables and then ORing the products. The distributive law also expresses the process of 
factoring in which the common variable A is factored out of the product terms, for ex- 
ample, AB + AC = A(B + C). Figure 4—5 illustrates the distributive law in terms of gate 


implementation. 
A 
AB 
B B 
B+C ae 
C = xX 
x A 
A AC 
C 


X=A(B+C) X= AB + AC 


Rules of Boolean Algebra 


Table 4—1 lists 12 basic rules that are useful in manipulating and simplifying Boolean ex- 
pressions. Rules | through 9 will be viewed in terms of their application to logic gates. 
Rules 10 through 12 will be derived in terms of the simpler rules and the laws previously 
discussed. 











LA+0=A FA AeA 
2A+1 =i $A: 4-0 

3.4-0=0 9A=A 

4d. A-1=A 10.4 +AB=A 
5.A+A=A 11.4+AB=A+B 
64+A=1 12.(4+ B\(A+C)=A+BC 


A, B, or C can represent a single variable or a combination of variables. 


Rule 1.A+0O=A_ A variable ORed with 0 is always equal to the variable. If the input 
variable A is 1, the output variable X is 1, which is equal to A. If A is 0, the output is 0, 
which is also equal to A. This rule is illustrated in Figure 4-6, where the lower input is 
fixed at 0. 


> 
i} 
>< 
I 
es 
I 
a) 
>< 
i 
© 


Rule2.A+1=1 A variable ORed with | is always equal to 1. A 1 on an input to an OR 
gate produces a | on the output, regardless of the value of the variable on the other input. 
This rule is illustrated in Figure 4-7, where the lower input is fixed at 1. 


«@ FIGURE 4-5 


Application of distributive law. 
Open file F04-05 to verify. 





«@ TABLE 4-1 


Basic rules of Boolean algebra. 


« FIGURE 4-6 


“@ FIGURE 4-7 
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» FIGURE 4-8 


im» FIGURE 4-9 


» FIGURE 4-10 


» FIGURE 4-11 


» FIGURE 4-12 


Rule 3.A-0=0 A variable ANDed with 0 is always equal to 0. Any time one input to 
an AND gate is 0, the output is 0, regardless of the value of the variable on the other input. 
This rule is illustrated in Figure 4-8, where the lower input is fixed at 0. 


A=A*O SG 


Rule 4.A-1=A_ A variable ANDed with | is always equal to the variable. If A is 0 the 
output of the AND gate is 0. If A is 1, the output of the AND gate is 1 because both inputs 
are now ls. This rule is shown in Figure 4—9, where the lower input is fixed at 1. 


Rule 5. A +A=A_ A variable ORed with itself is always equal to the variable. If A is 0, 
then 0 + 0 = 0; and if A is 1, then 1 + 1 = 1. This is shown in Figure 4—10, where both in- 
puts are the same variable. 


Rule 6. A + A=1 A variable ORed with its complement is always equal to 1. If A is 0, 
thenO +0 =0+ 1 = 1.JfAis1,then] + 1 = 1 + O = 1. See Figure 4-11, where one 
input is the complement of the other. 


Rule 7.A-A=A_ A variable ANDed with itself is always equal to the variable. If A = 0, 
then 0-0 = 0; andif A = 1, then 1 - 1 = 1. Figure 4~12 illustrates this rule. 
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Rule 8. A - A=0 A variable ANDed with its complement is always equal to 0. Either A 
or A will always be 0; and when a 0 is applied to the input of an AND gate, the output will 
be 0 also. Figure 4-13 illustrates this rule. 


<@ FIGURE 4-13 


Rule 9. A =A The double complement of a variable is always equal to the variable. If you 
start with the variable A and complement (invert) it once, you get A. If you then take A and 
complement (invert) it, you get A, which is the original variable. This rule is shown in 
Figure 4—14 using inverters. 


< FIGURE 4-14 


Rule 10.A +AB=A_  Thisrule can be proved by applying the distributive law, rule 2, and 
rule 4 as follows: 


A + AB=A(1+ 8B) Factoring (distributive law) 
=A:1 Rule 2: (1 + By) = 1 
= A Rule 4:A-1=A 


The proof is shown in Table 4—2, which shows the truth table and the resulting logic circuit 
simplification. 


< TABLE 4-2 
Rule 10: A + AB = A. Open file 










0 0 0 0 T04-02 to verify. 
0 1 0 0 Sakis 
: straight connection 


Rule 11.A +AB=A+B_ This rule can be proved as follows: 


A + AB = (A + AB) + AB Rule 10:A = A + AB 
= (AA + AB) + AB Rule 7:A = AA 
= AA+AB+AA+AB Rule 8: adding AA = 0 
= (A + A)(A + B) Factoring 
= 1-(A + B) Rule 6:A + A= 1 


=A+B Rule 4: drop the | 
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The proof is shown in Table 4—3, which shows the truth table and the resulting logic cir- 
cuit simplification. 


® TABLE 4-3 


Rule 11:A + AB =A + B. Open 
file T04-03 to verify. 





Rule 12. (A + B)(A + C) =A+ BC This rule can be proved as follows: 


(A + B)(A + C) = AA + AC + AB + BC _ Distributive law 
=A+AC+ AB+ BC Rule 7: AA =A 
= A(1+ C) +AB+ BC Factoring (distributive law) 


=A:‘1+AB+ BC Rule 2:1 + C = |] 

= A(1 + B) + BC Factoring (distributive law) 
= Acl + BG Rule 2:1 +B = 1 

=A+ BC Rule 4:A-1 =A 


The proof is shown in Table 4-4, which shows the truth table and the resulting logic circuit 
simplification. 


VY TABLE 4-4 
Rule 12: (A + B)(A + C) =A + BC. Open file T04-04 to verify. 












| A | B c (A+ BA + C) 

0 0 0 0 0 0 0 O 

0 0 1 0 | 0 0 0 

0 1 0 1 0 0 0 0 

0 I 1 | 1 | 1 1 

| 0 0 1 1 1 0 1 

1 0 1 1 | | 0 1 

| 1 0 | 1 1 0 1 

l 1 1 i | 1 1 1 
ood 





_ Se Oe ee ae ea ee ee ee ee ee 
| [section 4-2 | 
hg s eg? ° i j 

REVIEW 1. Apply the associative law of addition to the expression A + (B+C+H D). 


2. Apply the distributive law to the expression A(B + C + D). 


MeanbiyAbatedtethnn indians aNonspeynnlimsnnarmureerwinlrmaebinniarvivimevteoouatterever aeseerisithnyp tei ath ie Sa arn trac psnalrpeonrr ni urprtotaitasbesenesstasose sah beLbehbensbemadeashnnondansdee escmmcrmlreitarrasvnysnneat hinnernaartan datansonintbet tet ees ate 
- anions niomeberNer sateen Seti hahntestAtbA rss La THHEPY thats OTs eI RAenSDAinh a nbheenet banana Fiera Lehr 3us asnbHEDSAdibdipbhpdosuadsandnd.supaliomgunehnesnymrydsaciabasons 
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as DEMORGAN’S THEOREMS 


DeMorgan, a mathematician who knew Boole, proposed two theorems that are an 
important part of Boolean algebra. In practical terms, DeMorgan’s theorems provide 
mathematical verification of the equivalency of the NAND and negative-OR gates and the 
equivalency of the NOR and negative-AND gates, which were discussed in Chapter 3. 


After completing this section, you should be able to 


= State DeMorgan’s theorems ® Relate DeMorgan’s theorems to the equivalency of the 
NAND and negative-OR gates and to the equivalency of the NOR and negative-AND 
gates ™ Apply DeMorgan’s theorems to the simplification of Boolean expressions 


One of DeMorgan’s theorems is stated as follows: 


The complement of a product of variables is equal to the sum of the complements 
of the variables. 


Stated another way, 


The complement of two or more ANDed variables is equivalent to the OR of the 
complements of the individual variables. 


The formula for expressing this theorem for two variables is 
RY =X +7 
DeMorgan’s second theorem is stated as follows: 


The complement of a sum of variables is equal to the product of the complements 
of the variables. 


Stated another way, 


The complement of two or more ORed variables is equivalent to the AND of the 
complements of the individual variables. 


The formula for expressing this theorem for two variables is 
¥+¥= XY 


Figure 4—15 shows the gate equivalencies and truth tables for Equations 4—6 and 4—7. 
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NAND Negative-OR 0 


Inputs | Output 


NOR Negative-AND 


bd et CD CD 
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Output _ 
XY X+ 








Equation 4-6 


Equation 4—7 


<@ FIGURE 4-15 


Gate equivalencies and the 
corresponding truth tables that 
illustrate DeMorgan’s theorems. 
Notice the equality of the two 
output columns in each table. This 
shows that the equivalent gates 
perform the same logic function. 
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As stated, DeMorgan’s theorems also apply to expressions in which there are more than 
two variables. The following examples illustrate the application of DeMorgan’s theorems 
to 3-variable and 4-variable expressions. 


| EXAMPLE 4-3 
Apply DeMorgan’s theorems to the expressions XYZ and X + Y + Z. 


Solution WZ=X iF. 7 
YY Z= XYZ 





Related Problem Apply DeMorgan’s theorem to the expression X+Y+Z. 


: EXAMPLE 4-4 
Apply DeMorgan’s theorems to the expressions WXYZ andW + X + Y + Z. 


Solution WXYZ=W+X+Y+Z 







Related Problem Apply DeMorgan’s theorem to the expression WXYZ. 






Each variable in DeMorgan’s theorems as stated in Equations 4—6 and 4—7 can also rep- 
resent a combination of other variables. For example, X can be equal to the term AB + C, 
and Y can be equal to the term A + BC. So if you can apply DeMorgan’s theorem for two 
variables as stated by XY = X + Y to the expression (AB + C)(A + BC), you get the fol- 
lowing result: 


(AB + C)(A + BC) ='(AB ¥'C) + (A+ 80) 


Notice that in the preceding result you have two terms, AB + Cand A + BC, to each of 
which you can again apply DeMorgan’s theorem X + Y = XY individually, as 
follows: 


(AB + C) + (A + BC) = (AB)C + A(BC) 





Notice that you still have two terms in the expression to which DeMorgan’s theorem can 
again be applied. These terms are AB and BC. A final application of DeMorgan’s theorem 
gives the following result: 


(AB)C + A(BC) = (A+ B)C + A(B + C) 
Although this result can be simplified further by the use of Boolean rules and laws, De- 
Morgan’s theorems cannot be used any more. 
_Applying DeMorgan’s Theorems 


The following procedure illustrates the application of DeMorgan’s theorems and Boolean 
algebra to the specific expression 


A+ BC + D(E + F) 
Step 1. Identify the terms to which you can apply DeMorgan’s theorems, and think of 
each term as a single variable. Let A + BC = X and D(E + Fi) TY, 
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Step 2. Since X + Y= XY, 














(A + BC) + (D(E + F)) = (A + BC)(D(E + F)) 


Step 3. Use rule 9 (A = A) to cancel the double bars over the left term (this is not part 
of DeMorgan’s theorem). 














(A + BC)(D(E + F)) = (A + BC)(D(E + F)) 


Step 4. Applying DeMorgan’s theorem to the second term, 








(A + BC)(D(E + F)) = (A + BC)(D + (E + F)) 


Step 5. Use rule 9 (A = A) to cancel the double bars over the E + F part of the term. 








(A+ BC)(D+E+F) =(A+BC)(D+ E+ F) 


The following three examples will further illustrate how to use DeMorgan’s theorems. 






| EXAMPLE 4-5 
Apply DeMorgan’s theorems to each of the following expressions: 


(a) (A+B+C)D  (b) ABC+ DEF (c) AB+CD+ EF 






Solution (a) LetA + B+ C= XandD = Y. The expression (A + B + C)Dis of the form 
XY = X + Y andcan be rewritten as 






(A+B+C)D=A+B+C+D 






Next, apply DeMorgan’s theorem to the term A + B + C. 







A+B+C+D=ABC+D 


(b) Let ABC = X and DEF = Y. The expression ABC + DEF is of the form 
X + Y = XY and can be rewritten as 






ABC + DEF = (ABC)(DEF) 






Next, apply DeMorgan’s theorem to each of the terms ABC and DEF. 






(ABC)(DEF) = (A+ B+O(D+E+F) 






(c) Let AB = x, CD = Y, and EF = Z. The expression AB + CD + EF is of the 
form X + Y + Z = XYZ and can be rewritten as 






AB + CD + EF = (AB)(CD)(EF) 






Next, apply DeMorgan’s theorem to each of the terms AB. CD, and EF. 






(AB)(CD)(EF) = (A + B)(C + DE + F) 






Related Problem Apply DeMorgan’s theorems to the expression ABC + D + E. 
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EXAMPLE 4-6 
Apply DeMorgan’s theorems to each expression: 


(a) (A+B)+C (b) (A+B)+CD (e) (A+ B)CD+E+F 





Solution (a) (A +B) +C=(A+B)C =(A+B)C 





(b) (A + B) + CD = (A + B)CD = (AB)(C + D) = AB(C + D) 









(c) (A+ B)CD+E+F=((A+ B)CD)(E + F) = (AB+C+D)EF 






Related Problem Apply DeMorgan’s theorems to the expression AB(C +- D) + EB. 









[examece 4-7 ie = 
The Boolean expression for an exclusive-OR gate is AB + AB. With this as a starting 


point, use DeMorgan’s theorems and any other rules or laws that are applicable to 
develop an expression for the exclusive-NOR gate. 


Solution Start by complementing the exclusive-OR expression and then applying DeMorgan’s 
theorems as follows: 


AB + AB = (AB)(AB) = (A + B)(A + B) = (A+ B)(A + B) 


Next, apply the distributive law and rule 8 (A - A = 0). 
(A + B)(A + B) = AA +AB+AB+ BB=AB + AB 


The final expression for the XNOR is AB + AB. Note that this expression equals | 
any time both variables are Os or both variables are Is. 


Related Problem Starting with the expression for a 4-input NAND gate, use DeMorgan’s theorems to 
develop an expression for a 4-input negative-OR gate. 








| [SECTION 4-3 | 
| REVIEW 1. Apply DeMorgan’s theorems to the following expressions: | 


| (a) ABC +(D+E)  (b) (A+8B)C (c) A+ B+ C+ DE 


a ga a ca Sf SS ct —— ee SSS See 
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Boolean algebra provides a concise way to express the operation of a logic circuit 
formed by a combination of logic gates so that the output can be determined for various 
combinations of input values. 


After completing this section, you should be able to 


= Determine the Boolean expression for a combination of gates ™ Evaluate the logic 
operation of a circuit from the Boolean expression ® Construct a truth table 
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Boolean Expression for a Logic Circuit 


To derive the Boolean expression for a given logic circuit, begin at the left-most inputs and A logic circuit can be described 


work toward the final output, writing the expression for each gate. For the example circuit 
in Figure 4-16, the Boolean expression is determined as follows: 


1. The expression for the left-most AND gate with inputs C and D is CD. 


2. The output of the left-most AND gate is one of the inputs to the OR gate and B is 
the other input. Therefore, the expression for the OR gate is B + CD. 


3. The output of the OR gate is one of the inputs to the right-most AND gate and A 
is the other input. Therefore, the expression for this AND gate is A(B + CD), 
which is the final output expression for the entire circuit. 


A(B + CD) 





‘Constructing a Truth Table for a Logic Circuit 


Once the Boolean expression for a given logic circuit has been determined, a truth table 
that shows the output for all possible values of the input variables can be developed. The 
procedure requires that you evaluate the Boolean expression for all possible combinations 
of values for the input variables. In the case of the circuit in Figure 4—16, there are four in- 
put variables (A, B, C, and D) and therefore sixteen (2* = 16) combinations of values are 
possible. 


Evaluating the Expression To evaluate the expression A(B + CD), first find the values 
of the variables that make the expression equal to 1, using the rules for Boolean addition 
and multiplication. In this case, the expression equals | only if A = 1 and B + CD = 1 
because 


A(B + CD) =1-1=1 


Now determine when the B + CD term equals 1. The term B + CD = 1 if either B = 1 or 
CD = | or if both B and CD equal 1 because 


B+CD=1+0=1 
B+CD=0+1=1 
B+rcD=1+1=1 


The term CD = 1 only if C = 1 andD = 1. 

To summarize, the expression A(B + CD) = | when A = | and B = | regardless of the 
values of C and D or when A = | and C = | and D = | regardless of the value of B. The 
expression A(B + CD) = 0 for all other value combinations of the variables. 


Putting the Results in Truth Table Format The first step is to list the sixteen input vari- 
able combinations of 1s and Os in a binary sequence as shown in Table 4—5. Next, place a 
| in the output column for each combination of input variables that was determined in the 
evaluation. Finally, place a 0 in the output column for all other combinations of input vari- 
ables. These results are shown in the truth table in Table 4—5. 


by a Boolean equation. 


“@ FIGURE 4-16 


A logic circuit showing the 
development of the Boolean 
expression for the output. 


A logic circuit can be described 
by a truth table. 
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» TABLE 4-5 






Truth table for the logic circuit in 





OUTPUT ff 
A(B + CD) § 





Figure 4-16. 3 e 
0 0 0 0 0 
0 0 0 0 
0 0 1 0 0 
0 0 | 1 0 
0 1 0 0 0 
0 1 0 l 0 
0 i ] 0 0 
0 1 | | 0 
1 0 0 0 0 
i 0 0 i 0 
] 0 | 0 0 
1 0 I l 1 
l l 0 0 | 
| 0 
l ] | 0 1 
l 


} 


_ [SECTION 4-4 | 

REVIEW 1. Replace the AND gates with OR gates and the OR gate with an AND gate in Figure 
| 4—16 and determine the Boolean expression for the output. | 
| 2. Construct a truth table for the circuit in Question 1. | 


1425) simpPLiFicATION USING BOOLEAN ALGEBRA 


Many times in the application of Boolean algebra, you have to reduce a particular 
expression to its simplest form or change its form to a more convenient one to 
implement the expression most efficiently. The approach taken in this section is to use 
the basic laws, rules, and theorems of Boolean algebra to manipulate and simplify an 
expression. This method depends on a thorough knowledge of Boolean algebra and 
considerable practice in its application, not to mention a little ingenuity and cleverness. 





After completing this section, you should be able to 


= Apply the laws, rules, and theorems of Boolean algebra to simplify general expressions 


A simplified Boolean expression uses the fewest gates possible to implement a given ex- 
pression. Examples 4—8 through 4—11 illustrate Boolean simplification. 
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EXAMPLE 4-8 
Using Boolean algebra techniques, simplify this expression: 


AB + A(B + C) + BY + C) 


Solution The following is not necessarily the only approach. 


Step 1: Apply the distributive law to the second and third terms in the expression, as 
follows: 


AB PAB + AC + BR + BG 
Step 2: Apply rule 7 (BB = B) to the fourth term. 
AB + AB + AG +8 + BC 
Step 3: Apply rule 5 (AB + AB = AB) to the first two terms. 
AB +AC-+ B+-BC 
Step 4: Apply rule 10 (B + BC = B) to the last two terms. 
AB+AC+B8B 
Step 5: Apply rule 10 (AB + B = B) to the first and third terms. 
B+AC 


At this point the expression is simplified as much as possible. Once you gain 
experience in applying Boolean algebra, you can often combine many individual 
steps. 





Related Problem Simplify the Boolean expression AB + A(B + C) + B(B + C). 


Figure 4-17 shows that the simplification process in Example 4-8 has significantly re- Simplification means fewer gates 
duced the number of logic gates required to implement the expression. Part (a) shows that for the same function. 


five gates are required to implement the expression in its original form; however, only two 
gates are needed for the simplified expression, shown in part (b). It is important to realize 
that these two gate circuits are equivalent. That is, for any combination of levels on the A, 
B, and C inputs, you get the same output from either circuit. 


AB+A(B + C)+ BiB + C) B+AC 


A 
Cc 


a | = —— | b 
(a) Chese two circuits are equivalent. (6) 


A FIGURE 4-17 





Gate circuits for Example 4-8. Open file F04-17 to verify equivalency. 
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| EXAMPLE 4-9 
Simplify the following Boolean expression: 


Solution 


Related Problem 





| EXAMPLE 4-10 


Solution 


[AB(C + BD) + AB]C 


Note that brackets and parentheses mean the same thing: the term inside is multiplied 
(ANDed) with the term outside. 


Step 1: Apply the distributive law to the terms within the brackets. 
(ABC + ABBD + AB)C 
Step 2: Apply rule 8 (BB = ()) to the second term within the parentheses. 
(ABC + A:0-D + AB)C 
Step 3: Apply rule 3 (A - 0- D = 0) to the second term within the parentheses. 
(ABC +0 + AB)C 
Step 4: Apply rule 1 (drop the 0) within the parentheses. 
(ABC + AB)C 
Step 5: Apply the distributive law. 
ABCC + ABC 
Step 6: Apply rule 7 (CC = C) to the first term. 
ABC + ABC 
Step 7: Factor out BC. 


Step 8: Apply rule 6 (A + A = 1). 
Step 9: Apply rule 4 (drop the 1). 


BC 


Simplify the Boolean expression [AB(C + BD) + ABCD. 





Simplify the following Boolean expression: 


ABC + ABC + ABC + ABC +-ABC 


Step 1: Factor BC out of the first and last terms. 
BC(A + A) + ABC + ABC + ABC 


Step 2: Apply rule 6 (A + A = 1) to the term in parentheses, and factor AB from the 
second and last terms. 


BC:-1 + AB(C + C) + ABC 
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Step 3: Apply rule 4 (drop the 1) to the first term and rule 6 cc + C = 1) to the 
term in parentheses. 


BC + AB:1+ ABC 

Step 4: Apply rule 4 (drop the 1) to the second term. 

BC + AB + ABC 
Step 5: Factor B from the second and third terms. 

BC + B(A + AC) 
Step 6: Apply rule 11 (A + AC = A + C) to the term in parentheses. 

BC + B(A + C) 
Step 7: Use the distributive and commutative laws to get the following expression: 


BC AR + BC 


Related Problem Simplify the Boolean expression ABC + ABC + ABC +A BC. 











EXAMPLE 4-11 
Simplify the following Boolean expression: 


AB + AC + ABC 
Solution Step1: Apply DeMorgan’s theorem to the first term. 
(AB)(AC) + ABC 
Step 2: Apply DeMorgan’s theorem to each term in parentheses. 
(A + B)(A + C) + ABC 
Step 3: Apply the distributive law to the two terms in parentheses. 
AA +AC+AB+ BC+ ABC 


Step 4: Apply rule 7(A A = A) to the first term, and apply rule 10 
[AB + ABC = AB(1 + C) = AB} to the third and last terms. 


A+AC+AB+BC 
Step 5: Apply rule 10[A + AC = A(1 + C) = A] to the first and second terms. 
A+AB+BC 
Step 6: Apply rule 10[A + AB = A(1 + B) = A] to the first and second terms. 
A+BC 


Related Problem Simplify the Boolean expression AB + AC + ABC. 
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| [section 4-5 
| PREVIEW 





An SOP expression can be 
implemented with one OR and 
two or more ANDs. 


STANDARD FORMS OF BOOLEAN EXPRESSIONS 


1. Simplify the following Boolean expressions if possible: 

(a) A+AB+ABC  (b) (A+B)C+ABC  (c) ABC(BD + CDE) + AC 

2. Implement each expression in Question 1 as originally stated with the appropriate 
logic gates. Then implement the simplified expression, and compare the number of 
gates. | 





All Boolean expressions, regardless of their form, can be converted into either of two 
standard forms: the sum-of-products form or the product-of-sums form. Standardization 
makes the evaluation, simplification, and implementation of Boolean expressions much 
more systematic and easier. 


After completing this section, you should be able to 


= Identify a sum-of-products expression ™ Determine the domain of a Boolean 
expression ™ Convert any sum-of-products expression to a standard form ®™ Evaluate a 
standard sum-of-products expression in terms of binary values ®™ Identify a product-of- 
sums expression ®™ Convert any product-of-sums expression to a standard form 

m™ Evaluate a standard product-of-sums expression in terms of binary values ™ Convert 
from one standard form to the other 


The Sum-of-Products (SOP) Form 


A product term was defined in Section 4—1 as a term consisting of the product (Boolean 
multiplication) of literals (variables or their complements). When two or more product 
terms are summed by Boolean addition, the resulting expression is a sum-of-products 
(SOP). Some examples are 


AB + ABC 

ABC + CDE + BCD 

AB + ABC + AC 
Also, an SOP expression can contain a single-variable term, as in A + ABC + BCD. Refer 
to the simplification examples in the last section, and you will see that each of the final ex- 
pressions was either a single product term or in SOP form. In an SOP expression, a single 
overbar cannot extend over more than one variable; however, more than one variable in a term 


can have an overbar. For example, an SOP expression can have the term A BC but not ABC. 





Domain of a Boolean Expression ‘The domain of a general Boolean expression is the set 
of variables contained in the expression in either complemented or uncomplemented form. 
For example, the domain of the expression AB + ABC is the set of variables A, B, C and 
the domain of the expression ABC + CDE + BCD is the set of variables A, be b, dd EB, 


AND/OR Implementation of an SOP Expression Implementing an SOP expression sim- 
ply requires ORing the outputs of two or more AND gates. A product term is produced by 
an AND operation, and the sum (addition) of two or more product terms is produced by an 
OR operation. Therefore, an SOP expression can be implemented by AND-OR logic in 
which the outputs of a number (equal to the number of product terms in the expression) of 
AND gates connect to the inputs of an OR gate, as shown in Figure 4—18 for the expression 
AB + BCD + AC. The output X of the OR gate equals the SOP expression. 
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y < FIGURE 4-18 


B Implementation of the SOP 
B expression AB + BCD + AC. 
€ X =AB + BCD+AC 
D 


A 
C 


NAND/NAND Implementation of an SOP Expression NAND gates can be used to im- 
plement an SOP expression. Using only NAND gates, an AND/OR function can be ac- 
complished, as illustrated in Figure 4-19. The first level of NAND gates feed into a NAND 
gate that acts as a negative-OR gate. The NAND and negative-OR inversions cancel and the 
result is effectively an AND/OR circuit. 


A <4 FIGURE 4-19 

B This NAND/NAND implementation 
B is equivalent to the AND/OR in 

C X=AB+BCD+AC _ Figure 4-18. 


D 


Conversion of a General Expression to SOP Form 


Any logic expression can be changed into SOP form by applying Boolean algebra tech- 
niques. For example, the expression A(B + CD) can be converted to SOP form by applying 
the distributive law: 


A(B + CD) = AB + ACD 


| EXAMPLE 4-12 
Convert each of the following Boolean expressions to SOP form: 


(a) AB+ B(CD + EF) (b) (A + BB + C + D) (ie) (4 58) $C 


Solution (a) AB + B(CD + EF) = AB + BCD + BEF 
(b) (A+ B(B+C+D)=AB+AC + AD + BB+ BC + BD 
(c) (A+B) +C =(A+B)C = (A+ B)C = AC + BC 


Related Problem Convert ABC + (A + B)(B + C + AB) to SOP form. 


eC ese sa RD = cre cae ee ee hl 





The Standard SOP Form 


So far, you have seen SOP expressions in which some of the product terms do not contain 
all of the variables in the domain of the expression. For example, the expression 
ABC + ABD + ABCD has a domain made up of the variables A, B, C, and D. However, 
notice that the complete set of variables in the domain is not represented in the first two 
terms of the expression; that is, D or Dis missing from the first term and C or Cis missing 
from the second term. 

A standard SOP expression is one in which ail the variables in the domain appear in 
each product term in the expression. For example, ABCD + ABCD + ABCD isa stan- 
dard SOP expression. Standard SOP expressions are important in constructing truth tables, 
covered in Section 4—7, and in the Karnaugh map simplification method, which is covered 
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| EXAMPLE 4-13 


Solution 


in Section 4-8. Any nonstandard SOP expression (referred to simply as SOP) can be con- 
verted to the standard form using Boolean algebra. 


Converting Product Terms to Standard SOP Each product term in an SOP expression 
that does not contain all the variables in the domain can be expanded to standard form to 
include all variables in the domain and their complements. As stated in the following steps, 
a nonstandard SOP expression is converted into standard form using Boolean algebra rule 
6 (A + A = 1) from Table 4-1: A variable added to its complement equals 1. 


Step 1. Multiply each nonstandard product term by a term made up of the sum of a 
missing variable and its complement. This results in two product terms. As you 
know, you can multiply anything by | without changing its value. 


Step 2. Repeat Step | until all resulting product terms contain all variables in the do- 
main in either complemented or uncomplemented form. In converting a prod- 
uct term to standard form, the number of product terms is doubled for each 
missing variable, as Example 4—13 shows. 





Convert the following Boolean expression into standard SOP form: 
ABC + AB + ABCD 
The domain of this SOP expression is A, B, C, D. Take one term at a time. The first 


term, ABC, is missing variable D or D, so multiply the first term by D + D as 
follows: 


ABC = ABC(D + D) = ABCD + ABCD 
In this case, two standard product terms are the result. 


The second term, A B, is missing variables C or C and D or D, so first multiply the 
second term by C + C as follows: 


AB = AB(C + C) = ABC + ABC 
The two resulting terms are missing variable D or D, so multiply both terms by 
D + Das follows: 
AB = ABC + ABC = ABC(D + D) + ABC(D + D) 
= ABCD + ABCD + ABCD + ABCD 
In this case, four standard product terms are the result. 


The third term, ABCD, is already in standard form. The complete standard SOP 
form of the original expression is as follows: 


ABC + AB + ABCD = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 


Related Problem 


Convert the expression WXY + XYZ + WXY to standard SOP form. 





Binary Representation of a Standard Product Term A standard product term is equal to 
1 for only one combination of variable values. For example, the product term ABCD is 
equal to 1 when A = 1, B = 0, C = 1, D = 0, as shown below, and is 0 for all other com- 
binations of values for the variables. 


ABCD = 1-0-1-:0 = 1-1-1-1 = 1 


In this case, the product term has a binary value of 1010 (decimal ten). 
Remember, a product term is implemented with an AND gate whose output is | only if each 
of its inputs is |. Inverters are used to produce the complements of the variables as required. 


An SOP expression is equal to 1 only if one or more of the product terms in the 
expression is equal to 1. 
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| | EXAMPLE 4-14 
Determine the binary values for which the following standard SOP expression is 


Solution 


Related Problem 


equal to |: 
ABCD + ABCD + ABCD 
The term ABCD is equal to 1 whenA = 1,B=1,C =1,andD= 1. 
ABCD =1-1-1-1=1 

The term AB CD is equal to 1 when A = 1,B =0,C =0,andD = 1. 

ABCD = 1-0-0-1 = 1-1-1-1 =1 
The term A BCD is equal to 1 when A = 0, B = 0, C = 0, and D = 0. 

ABCD = 0-0-0:0 = 1-1-1:1=1 
The SOP expression equals 1 when any or all of the three product terms is 1. 
Determine the binary values for which the following SOP expression is equal to 1: 


NY¥Z XYZ X¥Z + MP + IZ 


Is this a standard SOP expression? 





_ The Product-of-Sums (POS) Form 


A sum term was defined in Section 4—1 as a term consisting of the sum (Boolean addition) 
of literals (variables or their complements). When two or more sum terms are multiplied, 
the resulting expression is a product-of-sums (POS). Some examples are 


(A+BY(A+B40C) 


(A+B+C)(C+D+E£E)(B+C+D) 
(A+ B)(A+B+C)(A+C) 


A POS expression can contain a single-variable term, as in A(A + B + C)(B + C + D). 
In a POS expression, a single overbar cannot extend over more than one variable; however, 
more than one variable in a term can have an overbar. For example, a POS expression can 
have the term A + B + C butnotA + B+ C. 


Implementation of a POS Expression Implementing a POS expression simply requires 
ANDing the outputs of two or more OR gates. A sum term is produced by an OR operation, 
and the product of two or more sum terms is produced by an AND operation. Therefore, a 
POS expression can be implemented by logic in which the outputs of a number (equal to 
the number of sum terms in the expression) of OR gates connect to the inputs of an AND 
gate, as Figure 4-20 shows for the expression (A + B)(B + C + D)(A + C). The output X 
of the AND gate equals the POS expression. 


Vos & bb 


< FIGURE 4-20 


Implementation of the POS 
expression (A + B)(B+ C+ D)(A + C). 
X=(A + B)\(B+C+D)\(A+C) 
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The Standard POS Form 


So far, you have seen POS expressions in which some of the sum terms do not contain all 
of the variables in the domain of the expression. For example, the expression 
(A+B+C)(A+B+D)(A+B+C+D) 


has a domain made up of the variables A, B, C, and D. Notice that the complete set of vari- 
ables in the domain is not represented in the first two terms of the expression; that is, D or 
Dis missing from the first term and C or Cis missing from the second term. 

A standard POS expression is one in which ail the variables in the domain appear in each 
sum term in the expression. For example, 


(A+B+C+D)(A+B+C+D)(A+B+C+D) 


is a standard POS expression. Any nonstandard POS expression (referred to simply as POS) 
can be converted to the standard form using Boolean algebra. 


Converting a Sum Term to Standard POS Each sum term in a POS expression that does 
not contain all the variables in the domain can be expanded to standard form to include all 
variables in the domain and their complements. As stated in the following steps, a non- 
standard POS expression is converted into standard form using Boolean algebra rule 8 
(A - A = 0) from Table 4-1: A variable multiplied by its complement equals 0. 


Step 1. Add to each nonstandard product term a term made up of the product of the 
missing variable and its complement. This results in two sum terms. As you 
know, you can add 0 to anything without changing its value. 


Step 2. Apply rule 12 from Table 4-1:A + BC = (A + B)(A + C) 


Step 3. Repeat Step | until all resulting sum terms contain all variables in the domain 
in either complemented or uncomplemented form. 


| [EXAMPLE 4-15 
Convert the following Boolean expression into standard POS form: 


(A+B+C)\(B+C+D)(A+B+C+D) 
Solution ‘The domain of this POS expression is A, B, C, D. Take one term at a time. The first 
term, A + B + C, is missing variable D or D, so add DD and apply rule 12 as follows: 
| - = ae a = = 
AtBTCS=A+B8 +C+ DD=(4A+ B+ C+ D\ATE+C + D) 
The second term, B + C + D, is missing variable A or A, so add AA and apply 
rule 12 as follows: 
| B+C+D=Bt+C+D+AA=(A+Bt+C+D)(A+Bt+CtD) 
The third term, A + REE + D, is already in standard form. The standard POS 
| form of the original expression is as follows: 


(A+B+C)(B+C+D)(A+B+C+D)= 
(A+B+C+D)(A+B+C+D)\(At+B+t+C+D)(A+Bt+C+D)(A+Bt+C+D) 


Related Problem Convert the expression (A + B)(B + C) to standard POS form. 





Binary Representation of a Standard Sum Term A standard sum term is equal to 0 for 
only one combination of variable values. For example, the sum term A + B + C + DisO 
when A = 0, B = 1, C= 0, and D = 1, as shown below, and is 1 for all other combinations 
of values for the variables. 


A+B+C+D=04+1+0+1=0+0+0+0=0 
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In this case, the sum term has a binary value of 0101 (decimal 5). Remember, a sum term 
is implemented with an OR gate whose output is 0 only if each of its inputs is 0. Inverters 
are used to produce the complements of the variables as required. 


A POS expression is equal to 0 only if one or more of the sum terms in the 
expression is equal to 0. 


| EXAMPLE 4-16 
Determine the binary values of the variables for which the following standard POS 


expression is equal to 0: 
| 
| 





(A+B+C+D)(A+B+C+D)(A+B+C+D) 
Solution ThetermA + B + C + Dis equal to 0 when A = 0, B = 0, C = 0, and D = 0. 
AtB+C+D=07070+0=0 
The teemA + B+C+t D is equal toO when A = 0, B = 1,C = 1, andD = 0. 
A+B+C+D=0+4+1+1+0=0+0+0+0=0 
The temA + B+C+t D is equal to 0 when A =1,B=1,C=1l,andD=1. 
A+B+C+D=14+1+1+1=04+0+0+0=0 
The POS expression equals 0 when any of the three sum terms equals 0. 
Related Problem Determine the binary values for which the following POS expression is equal to 0: 
(X+YV+Z)\(X+V+Z)(X+V+Z)(X+V+Z)(X+YV+Z) 
| Is this a standard POS expression? 


Converting Standard SOP to Standard POS 


The binary values of the product terms in a given standard SOP expression are not present 
in the equivalent standard POS expression. Also, the binary values that are not represented 
in the SOP expression are present in the equivalent POS expression. Therefore, to convert 
from standard SOP to standard POS, the following steps are taken: 


Step 1. Evaluate each product term in the SOP expression. That is, determine the bi- 
nary numbers that represent the product terms. 


Step 2. Determine all of the binary numbers not included in the evaluation in Step 1. 


Step 3. Write the equivalent sum term for each binary number from Step 2 and express 
in POS form. 


Using a similar procedure, you can go from POS to SOP. 


| EXAMPLE 4-17 
Convert the following SOP expression to an equivalent POS expression: 


ABC + ABC + ABC + ABC + ABC 


Solution The evaluation is as follows: 
O00 -- 010 + O11 + JO1 + 11] 


Since there are three variables in the domain of this expression, there are a total of 
eight (2°) possible combinations. The SOP expression contains five of these 
combinations, so the POS must contain the other three which are 001, 100, and 110. 
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| Remember, these are the binary values that make the sum term 0. The equivalent POS 
expression 1s 


(A+B+C)(A+B+C)\(A+B+C) 


Related Problem Verify that the SOP and POS expressions in this example are equivalent by 
substituting binary values into each. 


| | SECTION 4-6 , | 
| REVIEW 1. Identify each of the following expressions as SOP, standard SOP, POS, or standard | 





POS: 
| (a) AB + ABD + ACD (bh) APB + OA+ B+ oO 
| (c) ABC + ABC (d) A(A + C)(A + B) 


| 2. Convert each SOP expression in Question 1 to standard form. 
3. Convert each POS expression in Question 1 to standard form. | 
} 








BOOLEAN EXPRESSIONS AND TRUTH TABLES 





All standard Boolean expressions can be easily converted into truth table format using 
binary values for each term in the expression. The truth table is a common way of 
presenting, in a concise format, the logical operation of a circuit. Also, standard SOP or 
POS expressions can be determined from a truth table. You will find truth tables in data 
sheets and other literature related to the operation of digital circuits. 


After completing this section, you should be able to 


= Convert a standard SOP expression into truth table format ™ Convert a standard 
POS expression into truth table format ™ Derive a standard expression from a truth 
table ™ Properly interpret truth table data 


Converting SOP Expressions to Truth Table Format 


Recall from Section 4—6 that an SOP expression is equal to | only if at least one of the 
product terms is equal to 1. A truth table is simply a list of the possible combinations 
of input variable values and the corresponding output values (1 or 0). For an expression 
with a domain of two variables, there are four different combinations of those variables 
(2° = 4). For an expression with a domain of three variables, there are eight different 
combinations of those variables (2* = 8). For an expression with a domain of four vari- 
ables, there are sixteen different combinations of those variables (2* = 16), and so on. 

The first step in constructing a truth table is to list all possible combinations of binary 
values of the variables in the expression. Next, convert the SOP expression to standard form 
if it is not already. Finally, place a | in the output column (X) for each binary value that 
makes the standard SOP expression a | and place a 0 for all the remaining binary values. 
This procedure is illustrated in Example 4-18. 
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EXAMPLE 4-18 


Develop a truth table for the standard SOP expression ABC + ABC + ABC. 


Solution There are three variables in the domain, so there are eight possible combinations of 
binary values of the variables as listed in the left three columns of Table 4-6. The 
binary values that make the product terms in the expressions equal to | are 
ABC: 001; ABC: 100; and ABC: 111. For each of these binary values, place a 1 in the 
output column as shown in the table. For each of the remaining binary combinations, 


place a O in the output column. 


» TABLE 4-6 





i = = - So Oo oc oo BN 
oF Corfe C&S —- © Bel 
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B PRODUCT TERM 





Related Problem Create a truth table for the standard SOP expression ABC + ABC. 


Converting POS Expressions to Truth Table Format 


Recall that a POS expression is equal to 0 only if at least one of the sum terms is equal to 
0. To construct a truth table from a POS expression, list all the possible combinations of bi- 
nary values of the variables just as was done for the SOP expression. Next, convert the POS 
expression to standard form if it is not already. Finally, place a 0 in the output column (X) 
for each binary value that makes the expression a O and place a | for all the remaining bi- 
nary values. This procedure is illustrated in Example 4-19. 





EXAMPLE 4-19 


Determine the truth table for the following standard POS expression: 


(A+B+C)\(A+B+C)\(A+B+C)\A+BH4+C)(A+B+C) 


Solution There are three variables in the domain and the eight possible binary values are listed 
in the left three columns of Table 4—7. The binary values that make the sum terms in 
the expression equal to 0 are A + B + C; 000; A + B+C:010;A+B+C:011: 
A+B6B-+C:101;andA + B + C: 110. For each of these binary values, place a 0 in 
the output column as shown in the table. For each of the remaining binary 


combinations, place a | in the output column. 
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» TABLE 4-7 


Related Problem 





| EXAMPLE 4-20 


INPUTS OUTPUT — 
B x SUM TERM 


A+A+O 


+B+C) 
+B+C) 
(A+B+C) 
(A+B+C) 


A 
0 
0 
0 
0 
1 
1 
1 
I 


= © est eS Bee Oo 
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Notice that the truth table in this example is the same as the one in Example 4-18. 
This means that the SOP expression in the previous example and the POS expression 
in this example are equivalent. 


Develop a truth table for the following standard POS expression: 
(A+B+C)(A+B+C\(A+B+C) 


Determining Standard Expressions from a Truth Table 


To determine the standard SOP expression represented by a truth table, list the binary val- 
ues of the input variables for which the output is 1. Convert each binary value to the corre- 
sponding product term by replacing each 1 with the corresponding variable and each 0 with 
the corresponding variable complement. For example, the binary value 1010 is converted 
to a product term as follows: 


1010 ——> ABCD 
If you substitute, you can see that the product term is 1: 
ABCD = 1-0-1:0 = 1-1-1-1=1 
To determine the standard POS expression represented by a truth table, list the binary 
values for which the output is 0. Convert each binary value to the corresponding sum term 
by replacing each 1 with the corresponding variable complement and each 0 with the cor- 


responding variable. For example, the binary value 1001 is converted to a sum term as 
follows: 


100) —- 4+ B+ C+D 
If you substitute, you can see that the sum term is 0: 


A+ B+C4+p)=14+04+0+1=04+0+0+40=0 


re 


From the truth table in Table 4—8, determine the standard SOP expression and the 
equivalent standard POS expression. 
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» TABLE 4-8 
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Solution There are four Is in the output column and the corresponding binary values are 011, 
100, 110, and 111. Convert these binary values to product terms as follows: 
011 ——> ABC 
100 —> ABC 
110 —~> ABC 
111 ——> ABC 
The resulting standard SOP expression for the output X is 
X = ABC + ABC + ABC + ABC 


For the POS expression, the output is 0 for binary values 000, 001, 010, and 101. 
Convert these binary values to sum terms as follows: 
000: A+B+°C 
001 —>A+B+C 
010 —>A+B+C 
101 —>A+B+C 


The resulting standard POS expression for the output X is 
X=(A+Bt+C\(At+B+C)/At+Bt+C\(A+B+4+C) 


Related Problem By substitution of binary values, show that the SOP and the POS expressions derived 
in this example are equivalent; that is, for any binary value they should either both be 
1 or both be 0, depending on the binary value. 





values will be in its truth table? 


2. In a certain truth table, the output is a 1 for the binary value 0110. Convert this 
binary value to the corresponding product term using variables W, X, Y, and Z. 


3. In a certain truth table, the output is a 0 for the binary value 1100. Convert this 
binary value to the corresponding sum term using variables W, X, Y, and Z. 


_ [SECTION 4-7 | 
| REVIEW 1. If a certain Boolean expression has a domain of five variables, how many binary | 
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“4-8 THE KARNAUGH MAP 


The purpose of a Karnaugh map 


is to simplify a Boolean 
expression. 


A Karnaugh map provides a systematic method for simplifying Boolean expressions 
and, if properly used, will produce the simplest SOP or POS expression possible, known 
as the minimum expression. As you have seen, the effectiveness of algebraic 
simplification depends on your familiarity with all the laws, rules, and theorems of 
Boolean algebra and on your ability to apply them. The Karnaugh map, on the other 
hand, provides a “cookbook” method for simplification. 


After completing this section, you should be able to 


= Construct a Karnaugh map for three or four variables ™ Determine the binary value 
of each cell in a Karnaugh map ® Determine the standard product term represented by 
each cell in a Karnaugh map ® Explain cell adjacency and identify adjacent cells 


A Karnaugh map is similar to a truth table because it presents all of the possible values 
of input variables and the resulting output for each value. Instead of being organized into 
columns and rows like a truth table, the Karnaugh map is an array of cells in which each cell 
represents a binary value of the input variables. The cells are arranged in a way so that sim- 
plification of a given expression is simply a matter of properly grouping the cells. Karnaugh 
maps can be used for expressions with two, three, four, and five variables, but we will discuss 
only 3-variable and 4-variable situations to illustrate the principles. Section 4-11 deals with 
five variables using a 32-cell Karnaugh map. Another method, which is beyond the scope of 
this book, called the Quine-McClusky method can be used for higher numbers of variables. 

The number of cells in a Karnaugh map is equal to the total number of possible input 
variable combinations as is the number of rows in a truth table. For three variables, the num- 
ber of cells is 2° = 8. For four variables, the number of cells is 2* = 16. 


The 3-Variable Karnaugh Map 


The 3-variable Karnaugh map is an array of eight cells, as shown in Figure 4—21(a). In 
this case, A, B, and C are used for the variables although other letters could be used. Bi- 
nary values of A and B are along the left side (notice the sequence) and the values of C 
are across the top. The value of a given cell is the binary values of A and B at the left in 
the same row combined with the value of C at the top in the same column. For example, 
the cell in the upper left corner has a binary value of 000 and the cell in the lower right 
corner has a binary value of 101. Figure 4—21(b) shows the standard product terms that 
are represented by each cell in the Karnaugh map. 
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A 3-variable Karnaugh map showing AB AB 


product terms. 00 0 
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The 4-Variable Karnaugh Map 


The 4-variable Karnaugh map is an array of sixteen cells, as shown in Figure 4—22(a). Bi- 
nary values of A and B are along the left side and the values of C and D are across the top. 
The value of a given cell is the binary values of A and B at the left in the same row com- 
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bined with the binary values of C and D at the top in the same column. For example, the 
cell in the upper right corner has a binary value of 0010 and the cell in the lower right cor- 
ner has a binary value of 1010. Figure 4—22(b) shows the standard product terms that are 
represented by each cell in the 4-variable Karnaugh map. 


AB 





00 


01 






11 





10 





(a) (b) 


Cell Adjacency 


The cells in a Karnaugh map are arranged so that there is only a single-variable change be- 
tween adjacent cells. Adjacency is defined by a single-variable change. In the 3-variable map 
the 010 cell is adjacent to the 000 cell, the 011 cell, and the 110 cell. The 010 cell is not adja- 
cent to the 001 cell, the 111 cell, the 100 cell, or the 101 cell. 

Physically, each cell is adjacent to the cells that are immediately next to it on any of its 
four sides. A cell is not adjacent to the cells that diagonally touch any of its corners. Also, 
the cells in the top row are adjacent to the corresponding cells in the bottom row and the 
cells in the outer left column are adjacent to the corresponding cells in the outer right col- 
umn. This is called “wrap-around” adjacency because you can think of the map as wrap- 
ping around from top to bottom to form a cylinder or from left to right to form a cylinder. 
Figure 4—23 illustrates the cell adjacencies with a 4-variable map, although the same rules 
for adjacency apply to Karnaugh maps with any number of cells. 


< FIGURE 4-23 


Adjacent cells on a Karnaugh map 
are those that differ by only one 
variable. Arrows point between 
adjacent cells. 
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“ FIGURE 4-22 


A 4-variable Karnaugh map. 


Cells that differ by only one 
variable are adjacent. 


Cells with values that differ by 
more than one variable are not 
adjacent. 


_ | SECTION 4-8 
REVIEW 1. In a 3-variable Karnaugh map, what is the binary value for the cell in each of the 


following locations: 
(a) upperleft corner = (b) lower right corner 


(c) lower left corner (d) upper right corner 


2. What is the standard product term for each cell in Question 1 for variables X, Y, 


and Z? 
3. Repeat Question 1 for a 4-variable map. 


4. Repeat Question 2 for a 4-variable map using variables W, X, Y, and Z. 
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KARNAUGH MAP SOP MINIMIZATION 





EXAMPLE 4-21 


Solution 


As stated in the last section, the Karnaugh map is used for simplifying Boolean 
expressions to their minimum form. A minimized SOP expression contains the fewest 
possible terms with the fewest possible variables per term. Generally, a minimum SOP 
expression can be implemented with fewer logic gates than a standard expression. 


After completing this section, you should be able to 


= Map a standard SOP expression on a Karnaugh map ™® Combine the Is on the map 
into maximum groups ™ Determine the minimum product term for each group on the 
map ® Combine the minimum product terms to form a minimum SOP expression 

= Convert a truth table into a Karnaugh map for simplification of the represented 
expression ® Use “don’t care” conditions on a Karnaugh map 


_Mapping a Standard SOP Expression 


For an SOP expression in standard form, a 1 is placed on the Karnaugh map for each prod- 
uct term in the expression. Each | is placed in a cell corresponding to the value of a product 
term. For example, for the product term ABC, a | goes in the 101 cell on a 3-variable map. 

When an SOP expression is completely mapped, there will be a number of 1s on the Kar- 
naugh map equal to the number of product terms in the standard SOP expression. The cells 
that do not have a | are the cells for which the expression is 0. Usually, when working with 
SOP expressions, the Os are left off the map. The following steps and the illustration in 
Figure 4—24 show the mapping process. 


Step 1. Determine the binary value of each product term in the standard SOP ex- 
pression. After some practice, you can usually do the evaluation of terms 
mentally. 


Step 2. As each product term is evaluated, place a 1 on the Karnaugh map in the cell 
having the same value as the product term. 


>» FIGURE 4-24 C > Z 7 
——S ABC + ABC + ABC + ABC 


Example of mapping a standard SOP 4 001 110 100 
expression. 00 





Map the following standard SOP expression on a Karnaugh map: 

ABC + ABC + ABC + ABC 
Evaluate the expression as shown below. Place a | on the 3-variable Karnaugh map in 
Figure 4—25 for each standard product term in the expression. 

ABC + ABC + ABC + ABC 

901 <Qf0°- 170 TE! 
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® FIGURE 4-25 





EXAMPLE 4-22 | 
Map the following standard SOP expression on a Karnaugh map: 


ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
Solution Evaluate the expression as shown below. Place a 1 on the 4-variable Karnaugh map in 
Figure 4-26 for each standard product term in the expression. 


ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
O011 6100 1101 21111 1100 9001 1010 


» FIGURE 4-26 
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ABCD ABCD 


Related Problem Map the following standard SOP expression on a Karnaugh map: 
ABCD + ABCD + ABCD + ABCD 


_Mapping a Nonstandard SOP Expression 


A Boolean expression must first be in standard form before you use a Karnaugh map. If an 
expression is not in standard form, then it must be converted to standard form by the proce- 
dure covered in Section 4—6 or by numerical expansion. Since an expression should be eval- 
uated before mapping anyway, numerical expansion is probably the most efficient approach. 


Numerical Expansion of a Nonstandard Product Term Recall that a nonstandard prod- 
uct term has one or more missing variables. For example, assume that one of the product 
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| EXAMPLE 4-23 


a 
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Solution 


Related Problem Map the SOP expression BC + AC ona Karnaugh map. 


terms in a certain 3-variable SOP expression is AB. This term can be expanded numerically 
to standard form as follows. First, write the binary value of the two variables and attach a 0 
for the missing variable C: 100. Next, write the binary value of the two variables and attach 
a 1 for the missing variable C: 101. The two resulting binary numbers are the values of the 
standard SOP terms ABC and ABC. 

As another example, assume that one of the product terms in a 3-variable expression 
is B (remember that a single variable counts as a product term in an SOP expression). 
This term can be expanded numerically to standard form as follows. Write the binary 
value of the variable; then attach all possible values for the missing variables A and C as 
follows: 


B 
O10 
O11 
110 
111 


The four resulting binary numbers are the values of the standard SOP terms ABC, ABC : ABC, 
and ABC. 


Map the following SOP expression on a Karnaugh map: A + AB + ABC. 


The SOP expression is obviously not in standard form because each product term does 
not have three variables. The first term is missing two variables, the second term is 
missing one variable, and the third term is standard. First expand the terms 
numerically as follows: 


A +AB + ABC 
000 100 110 
001 101 

010 

O11 


Map each of the resulting binary values by placing a | in the appropriate cell of the 3- 
variable Karnaugh map in Figure 4—27. 


®» FIGURE 4-27 








KARNAUGH MAP SOP MINIMIZATION & 215 


fexampe 4-24 | 
Map the following SOP expression on a Karnaugh map: 


Solution 


Related Problem 





BC + AB + ABC + ABCD + ABCD + ABCD | 


The SOP expression is obviously not in standard form because each product term does 
not have four variables. The first and second terms are both missing two variables, the 
third term is missing one variable, and the rest of the terms are standard. First expand 
the terms by including all combinations of the missing variables numerically as 
follows: 


BC AB + ABC +ABCD + ABCD + ABCD 
0000 1000 1100 1010 ooo1 1011 
0001 1001 1101 

1000 1010 

1001 1011 


Map each of the resulting binary values by placing a | in the appropriate cell of the 4- 
variable Karnaugh map in Figure 4—28. Notice that some of the values in the expanded 
expression are redundant. 


» FIGURE 4-28 





Map the expression A + CD + ACD + ABCD ona Karnaugh map. 


-Karnaugh Map Simplification of SOP Expressions 


The process that results in an expression containing the fewest possible terms with the 
fewest possible variables is called minimization. After an SOP expression has been 
mapped, a minimum SOP expression is obtained by grouping the Is and determining the 
minimum SOP expression from the map. 


Grouping the 1s Youcan group Is on the Karnaugh map according to the following rules 
by enclosing those adjacent cells containing 1s. The goal is to maximize the size of the 
groups and to minimize the number of groups. 


1. A group must contain either 1, 2, 4, 8, or 16 cells, which are all powers of two. In 
the case of a 3-variable map, 2° = 8 cells is the maximum group. 


2. Each cell in a group must be adjacent to one or more cells in that same group, but 
all cells in the group do not have to be adjacent to each other. 


3. Always include the largest possible number of Is in a group in accordance with 
rule 1. 


216 ™ BOOLEAN ALGEBRA AND LOGIC SIMPLIFICATION 


4. Each | on the map must be included in at least one group. The Is already ina 
group can be included in another group as long as the overlapping groups include 
noncommon Is. 


: EXAMPLE 4-25 
Group the Is in each of the Karnaugh maps in Figure 4-29. 





Solution The groupings are shown in Figure 4—30. In some cases, there may be more than one 


| 
A FIGURE 4-29 
way to group the Is to form maximum groupings. | 


Wrap-around adjacency 





4 FIGURE 4-30 


Related Problem Determine if there are other ways to group the Is in Figure 4—30 to obtain a minimum 
number of maximum groupings. 
a 





Determining the Minimum SOP Expression from the Map When all the Is representing 
the standard product terms in an expression are properly mapped and grouped, the process 
of determining the resulting minimum SOP expression begins. The following rules are ap- 
plied to find the minimum product terms and the minimum SOP expression: 


1. Group the cells that have 1s. Each group of cells containing 1s creates one product 
term composed of all variables that occur in only one form (either uncomplemented 
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or complemented) within the group. Variables that occur both uncomplemented and 
complemented within the group are eliminated. These are called contradictory 


variables. 


. Determine the minimum product term for each group. 
a. For a 3-variable map: 


(1) A l-cell group yields a 3-variable product term 

(2) A 2-cell group yields a 2-variable product term 

(3) A 4-cell group yields a 1-variable term 

(4) An 8-cell group yields a value of | for the expression 


b. For a4-variable map: 


(1) A 1-cell group yields a 4-variable product term 

(2) A 2-cell group yields a 3-variable product term 

(3) A 4-cell group yields a 2-variable product term 

(4) An 8-cell group yields a |-variable term 

(5) A 16-cell group yields a value of | for the expression 


When all the minimum product terms are derived from the Karnaugh map, they 


are summed to form the minimum SOP expression. 


EXAMPLE 4-26 


Solution 


Related Problem 


Determine the product terms for the Karnaugh map in Figure 4—31 and write the 
resulting minimum SOP expression. 


» FIGURE 4-31 





Eliminate variables that are in a grouping in both complemented and 

uncomplemented forms. In Figure 4—31, the product term for the 8-cell group is B 
because the cells within that group contain both A and A, C and C, and D and D, 

which are eliminated. The 4-cell group contains B, B, D, and D, leaving the variables 

A and C, which form the product term AC. The 2-cell | group contains B and B, leaving | 
variables A, C, and D which form the product term ACD. Notice how overlapping is 

used to maximize the size of the groups. The resulting minimum SOP expression is 

the sum of these product terms: 


For the Karnaugh map in Figure 4-31, add a | in the lower right cell (1010) and 


| 
| 
B+ AC + ACD | 
| 
determine the resulting SOP expression. 7 

— 
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EXAMPLE 4-27 
Determine the product terms for each of the Karnaugh maps in Figure 4—32 and write 
the resulting minimum SOP expression. 


ABC BC 





(d) 


A FIGURE 4-32 


Solution The resulting minimum product term for each group is shown in Figure 4-32. The 
minimum SOP expressions for each of the Karnaugh maps in the figure are 


(a) AB + BC+ ABC (b) B+ AC+AC 
(c) AB + AC + ABD (d) D + ABC + BC 


Related Problem For the Karnaugh map in Figure 4—32(d), add a 1 in the 0111 cell and determine the 
resulting SOP expression. 


: EXAMPLE 4-28 
Use a Karnaugh map to minimize the following standard SOP expression: 


ABC + ABC + ABC + ABC + ABC 





Solution The binary values of the expression are 
101 + 011 + 011 + 000 + 100 


Map the standard SOP expression and group the cells as shown in Figure 4—33. 


®» FIGURE 4-33 
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Notice the “wrap around” 4-cell group that includes the top row and the bottom | 
row of 1s. The remaining | is absorbed in an overlapping group of two cells. The | 
group of four 1s produces a single variable term, B. This is determined by observing | 
that within the group, B is the only variable that does not change from cell to cell. The 
group of two Is produces a 2-variable term AC. This is determined by observing that 
within the group, A and C do not change from one cell to the next. The product term 
for each group is shown. The resulting minimum SOP expression is | 


B+ AC 
Keep in mind that this minimum expression is equivalent to the original standard 
expression. 


Related Problem Use a Karnaugh map to simplify the following standard SOP expression: 
XYZ + XYZ + XYZ + XYZ + XYZ + XYZ 








EXAMPLE 4-29 | 
Use a Karnaugh map to minimize the following SOP expression: | 


ABCD | 


BCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 


Solution The first term BC D must be expanded into ABCDand ABCD to get the standard SOP 
expression, which is then mapped; and the cells are grouped as shown in Figure 4—34. 


» FIGURE 4-34 








formed because the cells in the outer columns are adjacent. The group of four is 
formed to pick up the remaining two Is because the top and bottom cells are adjacent. 
The product term for each group is shown. The resulting minimum SOP expression is 


D + BC 
Keep in mind that this minimum expression is equivalent to the original standard 
expression. 
Related Problem Use a Karnaugh map to simplify the following SOP expression: 
WXYZ + WXYZ + WXYZ + WYZ + WXYZ | 


| 
Notice that both groups exhibit “wrap around” adjacency. The group of eight is 
Se ER a SIE tana =e nS ee — ~ —s — _— reer 
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| [section 4-9 
| Review : 


i 


_ Mapping Directly from a Truth Table 


You have seen how to map a Boolean expression; now you will learn how to go directly 
from a truth table to a Karnaugh map. Recall that a truth table gives the output of a Boolean 
expression for all possible input variable combinations. An example of a Boolean expres- 
sion and its truth table representation is shown in Figure 4-35. Notice in the truth table that 
the output X is | for four different input variable combinations. The Is in the output column 
of the truth table are mapped directly onto a Karnaugh map into the cells corresponding to 
the values of the associated input variable combinations, as shown in Figure 4-35. In the 
figure you can see that the Boolean expression, the truth table, and the Karnaugh map are 
simply different ways to represent a logic function. 


See ee CR AC + ARC + ABC 4 ABE 
Example of mapping directly from a 





truth table to a Karnaugh map. 





Pm pes | CL rom pean) CS 
iS Oe: COR eee eens CO 





i ie | coe 





“Don’‘t Care” Conditions 


Sometimes a situation arises in which some input variable combinations are not allowed. 
For example, recall that in the BCD code covered in Chapter 2, there are six invalid com- 
binations: 1010, 1011, 1100, 1101, 1110, and 1111. Since these unallowed states will 
never occur in an application involving the BCD code, they can be treated as ‘“‘don’t 
care’’ terms with respect to their effect on the output. That is, for these “don’t care” terms 
either a | or a O may be assigned to the output; it really does not matter since they will 
never occur. 

The “don’t care” terms can be used to advantage on the Karnaugh map. Figure 4—36 
shows that for each “don’t care” term, an X is placed in the cell. When grouping the Is, the 
Xs can be treated as Is to make a larger grouping or as Os if they cannot be used to advan- 
tage. The larger a group, the simpler the resulting term will be. 

The truth table in Figure 4—36(a) describes a logic function that has a | output only when 
the BCD code for 7, 8, or 9 is present on the inputs. If the “don’t cares” are used as Is, the 
resulting expression for the function is A + BCD, as indicated in part (b). If the “don’t 
cares” are not used as Is, the resulting expression is ABC + ABCD; so you can see the ad- 
vantage of using “don’t care” terms to get the simplest expression. 


1. Lay out Karnaugh maps for three and four variables. 


2. Group the 1s and write the simplified SOP expression for the Karnaugh map in 
Figure 4-25. 


3. Write the original standard SOP expressions for each of the Karnaugh maps in 
Figure 4-32. 


KARNAUGH MAP POS MINIMIZATION & 221 


«@ FIGURE 4-36 


Example of the use of “don’t care” 





conditions to simplify an expression. 
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ABC A 


(a) Truth table (b) Without “don’t cares” Y = ABC + ABCD 
With “don’t cares” Y =A + BCD 


(270) KARNAUGH MAP POS MINIMIZATION 


In the last section, you studied the minimization of an SOP expression using a Karnaugh 
map. In this section, we will focus on POS expressions. The approaches are much the 
same except that with POS expressions, Os representing the standard sum terms are 
placed on the Karnaugh map instead of Is. 


After completing this section, you should be able to 


= Map a standard POS expression on a Karnaugh map ® Combine the Os on the map 
into maximum groups ® Determine the minimum sum term for each group on the map 
= Combine the minimum sum terms to form a minimum POS expression ® Use the 
Karnaugh map to convert between POS and SOP 


_Mapping a Standard POS Expression 


For a POS expression in standard form, a 0 is placed on the Karnaugh map for each sum 
term in the expression. Each 0 is placed in a cell corresponding to the value of a sum term. 
For example, for the sum term A + B + C, a0 goes in the 010 cell on a 3-variable map. 

When a POS expression is completely mapped, there will be a number of Os on the Kar- 
naugh map equal to the number of sum terms in the standard POS expression. The cells that 
do not have a 0 are the cells for which the expression is 1. Usually, when working with POS 
expressions, the 1s are left off. The following steps and the illustration in Figure 4-37 show 
the mapping process. 


Step 1. Determine the binary value of each sum term in the standard POS expression. 
This is the binary value that makes the term equal to 0. 


Step 2. As each sum term is evaluated, place a 0 on the Karnaugh map in the corre- 
sponding cell. 
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» FIGURE 4-37 C = eae 4 _ 
i SGic aL. aL oe (A+B+C\(A+B+C\(A+B+C\(A+B+C) 


000 010 110 101 





Example of mapping a standard POS 





expression. 00 


| EXAMPLE 4-30 
Map the following standard POS expression on a Karnaugh map: 


(A+B+C+D)(A+B+C+D)(A+B+C+D)(A+B+C+D)(A+Bt+C+D) 


Solution Evaluate the expression as shown below and place a 0 on the 4-variable Karnaugh 
map in Figure 4-38 for each standard sum term in the expression. 
(A+B+C+D)A+B+C+D)A+B+C+D)(A+B+C+D)(A+B+C+D) 
1100 1011 0010 1111 0011 


» FIGURE 4-38 
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A+B+C+D 


At Be C+D 





A4B2+CAD A+B+C+D 


Related Problem Map the following standard POS expression on a Karnaugh map: 


(A+B+C+D)A+B+C+D)A+BtC+D)(A+B+C+D) 





-Karnaugh Map Simplification of POS Expressions 


The process for minimizing a POS expression is basically the same as for an SOP expres- 
sion except that you group Os to produce minimum sum terms instead of grouping Is to pro- 
duce minimum product terms. The rules for grouping the Os are the same as those for 
grouping the Is that you learned in Section 4—9. 
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EXAMPLE 4-31 
Use a Karnaugh map to minimize the following standard POS expression: 


(A+B+C\A+B+C)(A+Bt+C)(A+Bt+C\(At+B+C) 
Also, derive the equivalent SOP expression. 


| 

| 

Solution The combinations of binary values of the expression are 
(OG tO FO Ee + 1 tO) er at LL 2 +O) 


Map the standard POS expression and group the cells as shown in Figure 4—39. 


| 
> FIGURE 4-39 
| 





Notice how the 0 in the 110 cell is included into a 2-cell group by utilizing the 0 in 
the 4-cell group. The sum term for each blue group is shown in the figure and the 
resulting minimum POS expression is 


A(B + C) 


Keep in mind that this minimum POS expression is equivalent to the original standard 
POS expression. 

Grouping the 1s as shown by the gray areas yields an SOP expression that is 
equivalent to grouping the Os. 


AC + AB=A(B+C) 


Related Problem Use a Karnaugh map to simplify the following standard POS expression: 
(X+Y+Z)\(X+Y+Z)(X+V+Z)(X+Y+Z) 2 











| EXAMPLE 4-32 
Use a Karnaugh map to minimize the following POS expression: 


(B+C+D)\A+B+C+D)(A+B+C+D)A+Bt+C+D\(A+B+C+D) 


Solution The first term must be expanded into A ++ B+ C+ DandA+B+C+Dto get a 
standard POS expression, which is then mapped; and the cells are grouped as shown in 


} 
] 
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Related Problem 


| EXAMPLE 4-33 


Solution 


Figure 440. The sum term for each group is shown and the resulting minimum POS 
expression 1s 


(C+D)(A+B+D)(A+B+O 


Keep in mind that this minimum POS expression is equivalent to the original standard 
POS expression. 


» FIGURE 4-40 
A+B+D 





Ax Bae 


Use a Karnaugh map to simplify the following POS expression: 


(W+X+Y+Z)\(W+X+Y+Z)\(W+X+Y+Z)(W+X+ Z) 


Converting Between POS and SOP Using the Karnaugh Map 


When a POS expression is mapped, it can easily be converted to the equivalent SOP form 
directly from the Karnaugh map. Also, given a mapped SOP expression, an equivalent POS 
expression can be derived directly from the map. This provides a good way to compare both 
minimum forms of an expression to determine if one of them can be implemented with 
fewer gates than the other. 

For a POS expression, all the cells that do not contain Os contain 1s, from which the 
SOP expression is derived. Likewise, for an SOP expression, all the cells that do not con- 
tain 1s contain Os, from which the POS expression is derived. Example 4—33 illustrates this 
conversion. 


ee en eee eee sss 


minimum POS expression, a standard SOP expression, and a minimum SOP 


| 
Using a Karnaugh map, convert the following standard POS expression into a 
expression. 


(A+B+C+D)(A+Bt+C+D)(A+B+C+D) 
(A+B+C+D)(A+B+C+D)(A+B+ C+D) 


The Os for the standard POS expression are mapped and grouped to obtain the 
minimum POS expression in Figure 4-41(a). In Figure 4—41(b), 1s are added to the 
cells that do not contain Os. From each cell containing a 1, a standard product term is 
obtained as indicated. These product terms form the standard SOP expression. In 
Figure 441 (c), the 1s are grouped and a minimum SOP expression is obtained. 
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AtBRC ABCD ABCD 


ABCD | 


BYC+D - 
ABCD 
ABCD 
(a) Minimum POS: (A + B + C)(B + C + D)\(B+ C+D) (b) Standard SOP: | 





pig ra ABCD ABCD ABCD ABCD 


ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + 


ABCD + ABCD + ABCD + ABCD 








(c) Minimum SOP: AC + BC + BD + BCD 
A FIGURE 4-41 
Related Problem Use a Karnaugh map to convert the following expression to minimum SOP form: 
(W+X+Y+Z)\(W+X+V+Z)(W+X+V+Z)\(W+X4+Z) 





SECTION 4-10 
REVIEW 1. What is the difference in mapping a POS expression and an SOP expression? 


2. What is the standard sum term expressed with variables A, B, C, and D for a 0 in cell 
1011 of the Karnaugh map? 


3. What is the standard product term expressed with variables A, B, C, and D fora 1 in 
cell 0010 of the Karnaugh map? 





4-11— FIVE-VARIABLE KARNAUGH MAPS 


Boolean functions with five variables can be simplified using a 32-cell Karnaugh map. 
Actually, two 4-variable maps (16 cells each) are used to construct a 5-variable map. You 
already know the cell adjacencies within each of the 4-variable maps and how to form groups 
of cells containing Is to simplify an SOP expression. All you need to learn for five variables 
is the cell adjacencies between the two 4-variable maps and how to group those adjacent 1s. 
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» FIGURE 4-42 
A 5-variable Karnaugh map. 


After completing this section, you should be able to 


= Determine cell adjacencies in a 5-variable map ™ Form maximum cell groupings in a 
5-variable map ™ Minimize 5-variable Boolean expressions using the Karnaugh map 


A Karnaugh map for five variables (ABCDE) can be constructed using two 4-variable 
maps with which you are already familiar. Each map contains 16 cells with all combina- 
tions of variables B, C, D, and E. One map is for A = 0 and the other is for A = 1, as shown 
in Figure 442. 





Cell Adjacencies 


You already know how to determine adjacent cells within the 4-variable map. The best way 
to visualize cell adjacencies between the two 16-cell maps is to imagine that the A = 0 map 
is placed on top of the A = | map. Each cell in the A = 0 map is adjacent to the cell directly 
below it in the A = | map. 

To illustrate, an example with four groups is shown in Figure 443 with the maps in a 3- 
dimensional arrangement. The Is in the yellow cells form an 8-bit group (four in the A = 0 


» FIGURE 4-43 


Illustration of groupings of 1s in 
adjacent cells of a 5-variable map. 
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map combined with four in the A = | map). The Is in the orange cells form a 4-bit group. 
The 1|s in the light red cells form a 4-bit group only in the A = 0 map. The | in the gray cell 
in the A = | map is grouped with the 1| in the lower right light red cell in the A = 0 map to 
form a 2-bit group. 


Determining the Boolean Expression The original SOP Boolean expression that is 
plotted on the Karnaugh map in Figure 4-43 contains seventeen 5-variable terms be- 
cause there are seventeen Is on the map. As you know, only the variables that do not 
change from uncomplemented to complemented or vice versa within a group remain in 
the expression for that group. The simplified expression taken from the map is devel- 
oped as follows: 


» The term for the yellow group is DE. 

» The term for the orange group is BCE. 

© The term for the light red group is ABD. 

« The term for the gray cell grouped with the red cell is BC DE. 


Combining these terms into the simplified SOP expression yields 


X = DE + BCE + ABD + BCDE 









EXAMPLE 4-34 










Use a Karnaugh map to minimize the following standard SOP 5-variable expression: 


X = ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 


+ ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 


Solution Map the SOP expression. Figure 4-44 shows the groupings and their corresponding 
terms. Combining the terms yields the following minimized SOP expression: 


X + ADE + PCD + BCE + ACDE 


» FIGURE 4-44 





Y =ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 
+ ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 
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| [section 4-11 | 
- | ReEvIEw 1. Why does a 5-variable Karnaugh map require 32 cells? | 


2. What is the expression represented by a 5-variable Karnaugh map in which each 
cell contains a 1? 


eae VHDL (optional) 


Colons and semicolons must be 
used appropriately in all VHDL 


programs. 


This optional section provides a brief introduction to VHDL and is not meant to teach the 
complete structure and syntax of the language. For more detailed information and 
instruction, refer to the footnote. Hardware description languages (HDLs) are tools for logic 
design entry, called text entry, that are used to implement logic designs in programmable 
logic devices. Although VHDL provides multiple ways to describe a logic circuit, only the 
simplest and most direct programming examples of text entry are discussed here. 


After completing this section, you should be able to 


m State the essential elements of VHDL ® Write a simple VHDL program 


The V in VHDL* stands for VHSIC (Very High Speed /ntegrated Circuit) and the HDL, 
of course, stands for hardware description language. As mentioned, VHDL is a standard 
language adopted by the IEEE (Institute of Electrical and Electronics Engineers) and is des- 
ignated IEEE Std. 1076-1993. VHDL is a complex and comprehensive language and using 
it to its full potential involves a lot of effort and experience. 

VHDL provides three basic approaches to describing a digital circuit using software: 
behavioral, data flow, and structural. We will restrict this discussion to the data flow ap- 
proach in which you write Boolean-type statements to describe a logic circuit. Keep in mind 
that VHDL, as well as the other HDLs, is a tool for implementing digital designs and is, 
therefore, a means to an end and not an end in itself. 

It is relatively easy to write programs to describe simple logic circuits in VHDL. The logi- 
cal operators are the following VHDL keywords: and, or, not, nand, nor, xor, and xnor. The 
two essential elements in any VHDL program are the entity and the architecture, and they must 
be used together. The entity describes a given logic function in terms of its external inputs and 
outputs, called ports. The architecture describes the internal operation of the logic function. 

In its simplest form, the entity element consists of three statements: The first statement 
assigns a name to a logic function; the second statement, called the port statement which is 
indented, specifies the inputs and outputs; and the third statement is the end statement. Al- 
though you would probably not write a VHDL program for a single gate, it is instructive to 
start with a simple example such as an AND gate. The VHDL entity declaration for a 
2-input AND gate is 


entity AND_Gate?2 is 
port (A, B: in bit; X: out bit); 
end entity AND_Gate2; 


The blue boldface terms are VHDL keywords; the other terms are identifiers that you assign; 
and the parentheses, colons, and semicolons are required VHDL syntax. As you can see, A and 
B are specified as input bits and X is specified as an output bit. The port identifiers A, B, and 
X as well as the entity name AND_Gate2 are user-defined and can be renamed. As in all HDLs, 
the placement of colons and semicolons is crucial and must be strictly adhered to. 

The VHDL architecture element of the program for the 2-input AND gate described by 
the entity is 


*See Floyd, Thomas. 2003. Digital Fundamentals with VHDL. Prentice Hall; Pellerin, David and Taylor, 
Douglas. 1997. VHDL Made Easy! Prentice Hall; Bhasker, Jayaram. 1999. A VHDL Primer, 3 ed. Prentice Hall. 


architecture LogicFunction of AND_Gate?2 is 
begin 

X <= Aand B; 
end architecture LogicFunction; 


Again, the VHDL keywords are blue boldface, and the semicolons and the assignment op- 
erator <= are required syntax. The first statement of the architecture element must refer- 
ence the entity name. 

The entity and the architecture are combined into a single VHDL program to describe 
an AND gate, as illustrated in Figure 4-45. 


entity AND_Gate2 is 
port (A, B: in bit; X: out bit); 
end entity AND_Gate2; 


A 
architecture LogicFunction of AND_Gate2 is B _ i> 


begin 
X <= A and B; 
end architecture LogicFunction; 


Writing Boolean Expressions in VHDL_ As you saw, the expression for a 2-input AND 
gate, X = AB, is written in VHDL as X = A and B;. Any Boolean expression can be writ- 
ten using VHDL keywords not, and, or, nand, nor, xor, and xnor. For example, the 
Boolean expression X = A + B + Cis writtenin VHDL as X <= A orB or C;. The Boolean 
expression X = AB + CD can be written as the VHDL statement X < (A and not B) or 
(not C and D);. As another example, the VHDL statement for a 2-input NAND gate can be 
written as X <— not(A and B); or it can be written as X <= A nand B;. 





| EXAMPLE 4-35 
Write a VHDL program to describe the logic circuit in Figure 446. 


» FIGURE 4-46 


B 


C 
D 
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@ FIGURE 4-45 


A VHDL program for a 2-input AND 
gate. 


Solution This AND/OR logic circuit is described in Boolean algebra as 


X =AB+CD 


The VHDL program follows. The entity name is AND_OR. 


entity AND_OR is 
port (A, B, C, D: in bit; X: out bit); 
end entity AND_OR; 
architecture LogicFunction of AND_OR is 
begin 
X <= (A and B) or (C and D); 


end architecture LogicFunction; 


Related Problem Write the VHDL statement to describe the logic circuit if a NOR gate replaces the OR 


gate in Figure 446. 
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DIGITAL SYSTEM 
APPLICATION 


Seven-segment displays are used in many 7 
types of products. The tablet-counting = 
and control system that was described in ! 
Chapter 1 has two 7-segment displays. 
These displays are used with logic circuits 
that decode a binary coded decimal 
(BCD) number and activate the 
appropriate digits on the display. In this 
digital system application, we focus on a 
minimum-gate design for this to illustrate 
an application of Boolean expressions 
and the Karnaugh map. As an option, 
VHDL is also applied. 


The 7-Segment Display 


Figure 4—47 shows a common display 
format composed of seven elements or : 
segments. Energizing certain 
combinations of these segments can 
cause each of the ten decimal digits to be 
displayed. Figure 4—48 illustrates this 
method of digital display for each of the 
ten digits by using a red segment to 
represent one that is energized. To 
produce a 1, segments b and ¢ are 
energized; to produce a 2, segments a, b, 
g, e, and d are used; and so on. 


LED Displays One common type of 
7-segment display consists of light-emitting 


| arrangement of segments. 


BOOLEAN ALGEBRA AND LOGIC SIMPLIFICATION 


1. What is an HDL? 
2. Name the two essential design elements in a VHDL program. 
3. What does the entity do? 

4. What does the architecture do? 


A” FIGURE 4-47 


Seven-segment display format showing 


| diodes (LEDs) arranged as shown in Figure 


4—49. Each segment is an LED that emits ! 
light when there is current through it. In : 


| Figure 4—49(a) the common-anode arrange-_ | 
| ment requires the driving circuit to provide a ! 
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(a) Common-anode 


C 


| [secrion 4-12 | 
REVIEW | 


low-level voltage in order to activate a given 
segment. When a LOW is applied to a seg- 
ment input, the LED is turned on, and there 
is current through it. In Figure 4-49/( b) the 
common-cathode arrangement requires the 
driver to provide a high-level voltage to ac- 
tivate a segment. When a HIGH is applied to 
a segment input, the LED is turned on and 
there is current through it. 


LCD Displays 
of 7-segment display is the liquid crystal 
display (LCD). LCDs operate by polariz- 
ing light so that a nonactivated segment 
reflects incident light and thus appears 

invisible against its background. An acti- 
vated segment does not reflect incident 
light and thus appears dark. LCDs con- 


Another common type 


sume much less power than LEDs but 


Eaves a 
ee 


Display of decimal digits with a 7-segment device. 


“ FIGURE 4-49 


Arrangements of 7-segment LED 
displays. 


(b) Common-cathode 


cannot be seen in the dark, while 


LEDs can. 


Segment Logic 


Each segment is used for various decimal 
digits, but no one segment is used for all 
ten digits. Therefore, each segment must 
be activated by its own decoding circuit 
that detects the occurrence of any of the 
numbers in which the segment is used. 


From Figures 4-47 and 4-48, the segments : 


that are required to be activated for each 
displayed digit are determined and listed 
in Table 4-9. 


Truth Table for the Segment Logic 


The segment decoding logic requires four | 


binary coded decimal (BCD) inputs and 
seven outputs, one for each segment in 
the display, as indicated in the block dia- 
gram of Figure 4-50. The multiple-out- 
put truth table, shown in Table 4-10, is 
actually seven truth tables in one and 
could be separated into a separate table 
for each segment. A 1 in the segment 


» TABLE 4-9 


Active segments for each decimal 


digit. 


| output columns of the table indicates an 
! activated segment. 

| Since the BCD code does not include 

: the binary values 1010, 1011, 1100, 1101, 

| 1110, and 1111, these combinations will 

3 never appear on the inputs and can 

! therefore be treated as “don’t care” (X) 

| conditions, as indicated in the truth table. 

: To conform with the practice of most IC 

: manufacturers, A represents the least 

: significant bit and D represents the most 

! significant bit in this particular application. 


! Boolean Expressions for the Segment 

| Logic From the truth table, a standard 

: SOP or POS expression can be written for 
:' each segment. For example, the standard 
3 SOP expression for segment a is 


' and the standard SOP expression for 
| segment e is 


0 ab6 def 
be 

a, b, d, & 2 
G0. 0, a; 2 
Boye 

a, c,d, f, 2 
(2427 8 


Q 


ad, bc 
4,b0,¢,d,¢4f e 
wo ¢ df 2 


Oo C2. OO SS Oe 


| Segment Logic 
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Expressions for the other segments can 


| be similarly developed. As you can see, the 
! expression for segment a has eight product 
' terms and the expression for segment e has 
! four product terms representing each of 

| the BCD inputs that activate that 

! segment. This means that the standard 

! SOP implementation of segment-a logic 

' requires an AND-OR circuit consisting of 

3 eight 4-input AND gates and one 8-input 
: OR gate. The implementation of segment- 
| e logic requires four 4-input AND gates 

! and one 4-input OR gate. In both cases, 

! four inverters are required to produce the 
: complement of each variable. 


! Karnaugh Map Minimization of the 


Let's begin by obtaining 


: a= DEBRA © BCAA | DCBA © CEA : Ae cae oe @ 
+ DCBA + DCBA + DCBA + DCBA |” arnaugh map ores a is shown in 

| Figure 4-51 and the following steps are 

' carried out: 


: LOD ee ee ie ! Step 1. The 1s are mapped directly from 
i e = DCBA + DCBA + DCBA+ DCBA ; 


Table 4-10. 


DIGIT SEGMENTS ACTIVATED [| 





» FIGURE 4-50 


Block diagram of 7-segment logic 
and display. 


Binary D 
coded C 
decimal 8B 
input A 





7-segment 
decoding 
logic 







7-segment display 
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TABLE 4-10 


i Dy ma OO VAN SEGMENT OUTPUTS 
Truth table for 7-segment logic. 
DITE a8 b Cc re | e f 









'B) B A g 

0 0 0 0 0 ] 1 ] ] l 1 0 
| 0 0) 0 1 0) l i 0) 0 0) 0 
Zz 0 0 ] 0 ] ] 0 1 ] 0 1 
3 0 0 ] l i ] ] ] 0 0 ] 
4 0 I 0 0 0 | i 0 0 ] 1 
3 0 l 0 1 ] 0 ] ] 0 ] 1 
6 0 ] ] 0 1 0 l ] ] ] ] 
7 0 1 1 l ] ] ] 0 0 0 0 
8 ] 0 0 0 l 1 1 | ] 1 ] 
9 l 0 0 ] ] ] 1 ] 0 ] 1 
10 I 0 1 0 Xx x XxX Xx Xx xX xX 
by 1 0 1 ] Xx x xX x x XxX x 
12 i ] 0 0 Xx Xx Xx XxX XxX x xX 
iS l 1 0 ] XxX Xx xX X Xx xX XxX 
14 l 1 | 0 X Xx x xX xX x X 
15 1 1 1 i xX X XxX x X x x 

Output = 1 means segment is activated (on) 

Output = 0 means segment is not activated (off) 

Output = X means “don’t care” 

Step 2. All of the “don’t cares” (X) are : cells are utilized to form the | the terms to form the minimum 
placed on the map. ! largest groups possible. | SOP expression. 
Step 3. : On A cae - | Step 4. ie i Sra ie Keep in mind that “don’t cares” do not 


! have to be included in a group, but in this 
' case all of them are used. Also, notice that 


Standard SOP expression: ' the 1s in the corner cells are grouped with 


DCBA + DCBA + DCBA + DCBA + DCBA + DCBA + DCBA + DCBA | a “don’t care” using the “wrap around” 
: adjacency of the corner cells. 





D 
Minimum SOP expression: D + B + CA + CA 


FIGURE 4-52 





FIGURE 4-51 





The minimum logic implementation for segment a 
Karnaugh map minimization of the segment-a logic expression. of the 7-segment display. 
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Minimum Implementation of Segment-a ! and g) can be obtained with a similar ! System Assignment 
Logic The minimum SOP expression : approach. ! 
taken from the Karnaugh map in Figure : = Activity 1: Determine the minimum 
‘ VHDL Impl tati tional 
4—52 for the segment-a logic is VHDL Implementation (optional) : logic for segment b. 
ase | All of the segment logic can be described by | @ 4 ctivity 2: Determine the minimum 
D+B+CA+CA | VHDL for implementation in a programmable : logic for segment c. 


| logic device. Segment-a logic can be 


| | @ Activity 3: Determine the mini 
| described by the following VHDL program: ctivity etermine the minimum 


This expression can be implemented 
with two 2-input AND gates, one 4- . 
input OR gate and two inverters as ' entity SEGLOGIC is ee Activity 4: Determine the minimum 
shown in Figure 4-52. Compare this to port (A, B, C, D: in bit; SEGa: out bit); ! logic for segment e. 

the standard SOP implementation for 


logic for segment d. 


end entity SEGLOGIC; ! @ Activity 5: Determine the minimum 


segment-a logic discussed earlier; you'll 
e y logic for segment f. 


see that the number of gates and architecture LogicFunction of 


favertere has bacn reduced trom thirteen SEGLOGIC is : ® Activity 6: Determine the minimum 
to five and, as a result, the number of ! begin logic for segment g. 
interconnections has been significantly : SEGa <= (Aand C) or (notA : = Optional Activity: Complete the VHDL 
reduced. ! and not C) or B or D: | program for all seven segments by 

The minimum logic for each of the : including each segment logic 
remaining six segments (bode | end architecture LogicFunction; ! description in the architecture. 


SUMMARY 


= Gate symbols and Boolean expressions for the outputs of an inverter and 2-input gates are 
shown in Figure 4-53. 


& FIGURE 4-53 


= Commutative laws: A+B=B+t+A 
AB = BA 


™ Associative laws: A+ (B+ C)=(A+B)+C 
A(BC) = (AB)C 


m= Distributive law: A(B + C)=AB+AC 


= Booleanrules: 1 At+O=A A-A=A 
2% At+ile=i 8. A-A=0 
3. A-0=0 9 A=A 
4, Avl=A 10. A+AB=A 
5. At+tA=A ll. A+AB=A+B 
6. AtA=1 12. (A+B\(A+Q=A+8BC 


m DeMorgan’s theorems: 


1. The complement of a product is equal to the sum of the complements of the terms in the 
product. 


Vora 
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2 The complement of a sum is equal to the product of the complements of the terms in the sum. 
X¥+VY=XY 
= Karnaugh maps for 3 and 4 variables are shown in Figure 4-54. A 5-variable map is formed 
from two 4-variable maps. 


>» FIGURE 4-54 C 





3-variable 4-variable 


= The basic design element in VHDL is an entity/architecture pair. 


Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 





Complement The inverse or opposite of a number. In Boolean algebra, the inverse function, ex- 
pressed with a bar over a variable. The complement of a 1| is 0, and vice versa. 


“Don’t care” A combination of input literals that cannot occur and can be used as a 1 or a0 on a Kar- 
naugh map for simplification. 


Karnaugh map An arrangement of cells representing the combinations of literals in a Boolean ex- 
pression and used for a systematic simplification of the expression. 


Minimization The process that results in an SOP or POS Boolean expression that contains the fewest 
possible literals per term. 


Product-of-sums (POS) A form of Boolean expression that is basically the ANDing of ORed terms. 
Product term The Boolean product of two or more literals equivalent to an AND operation. 
Sum-of-products (SOP) A form of Boolean expression that is basically the ORing of ANDed terms. 
Sum term The Boolean sum of two or more literals equivalent to an OR operation. 


Variable A symbol used to represent a logical quantity that can have a value of | or 0, usually des- 
ignated by an italic letter. 


VHDL A standard hardware description language. IEEE Std. 1076-1993. 


SEURTEST Answers are at the end of the chapter. 


1, The complement of a variable is always 

(a) O (b) 1 (c) equal to the variable (d) the inverse of the variable 
2. The Boolean expression A + B + Cis 

(a) a sum term (b) a literal term (c) a product term (d) a complemented term 
3. The Boolean expression ABCD is 


(a) a sum term (b) a product term (c) a literal term (d) always 1 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
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The domain of the expression ABCD + AB + CD + Bis 

(a) A and D (b) B only (c) A, B, C, and D (d) none of these 

According to the commutative law of addition, 

(a) AB = BA (b)A=At+A 
@AtGe+OQ=4th+c (JA+B=B+A 

According to the associative law of multiplication, 

(a)B = BB (b) A(BC) = (AB)C ()A+B=B+tA (d)B + BiB + 0) 
According to the distributive law, 

(a) A(B + C) =AB+AC (b) A(BC) = ABC (c) A(A + 1)=A (d)A+AB=A 
Which one of the following is not a valid rule of Boolean algebra? 

(a) A+1=1 (b)A=A (c)AA=A ()A+O0=A 


Which of the following rules states that if one input of an AND gate is always 1, the output is 
equal to the other input? 


(jvA+1=1 (b)A+A=A (c)A-A=A (d)A-1=A 
According to DeMorgan’s theorems, the following equality(s) is (are) correct: 
(a)AB=A+B (b)XYZ=X+YV+Z 
(c)A+B+C=ABC  (djallof these 

The Boolean expression X = AB + CD represents 

(a) two ORs ANDed together (b) a 4-input AND gate 

(c) two ANDs ORed together (d) an exclusive-OR 

An example of a sum-of-products expression is 

(a) A + B(C + D) (b) AB + AC + ABC 

(c) (A +B+C)\(A+B+C) (d) both answers (a) and (b) 

An example of a product-of-sums expression is 

(a) A(B + C) + AC (b) (A + B)(A+B+C) 

(c) A+B+ BC (d) both answers (a) and (b) 

An example of a standard SOP expression is 

(a)AB + ABC + ABD  (b) ABC + ACD 

(c) AB + AB + AB (d) ABCD + AB+ A 

A 3-variable Karnaugh map has 





(a) eight cells (b) three cells (c) sixteen cells (d) four cells 
In a 4-variable Karnaugh map, a 2-variable product term is produced by 
(a) a 2-cell group of Is (b) an 8-cell group of Is 

(c) a 4-cell group of Is (d) a 4-cell group of Os 

On a Karnaugh map, grouping the Os produces 

(a) a product-of-sums expression (b) a sum-of-products expression 
(c) a “don’t care” condition (d) AND-OR logic 

A 5-variable Karnaugh map has 

(a) sixteen cells (b) thirty-two cells (c) sixty-four cells 

An SPLD that has a programmable AND array and a fixed OR array is a 
(a) PROM (b) PLA (c) PAL (d) GAL 


VHDL is a type of 

(a) programmable logic (b) hardware description language 
(c) programmable array (d) logical mathematics 

In VHDL, a port is 

(a) a type of entity (b) a type of architecture 


(c) an input or output (d) a type of variable 
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PPROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 4-1 


Boolean Operations and Expressions 


1 


Using Boolean notation, write an expression that is a 1 whenever one or more of its variables 
(A, B, C, and D) are Is. 


Write an expression that is a 1 only if all of its variables (A, B, C, D, and E) are 1s. 
Write an expression that is a 1 when one or more of its variables (A, B, and C) are Os. 
Evaluate the following operations: 

(a) 0+0+1 (b) 1+1+1 (c) 1-0-0 


(d) 1-1-1 (e) 1-0-1 (f) Let +Q-1~] 
Find the values of the variables that make each product term | and each sum term 0. 
(a) AB (b) ABC ()A+B WMA+t+B+C 


(e) A+B+C (ff) A+B (g) ABC 

Find the value of X for all possible values of the variables. 

(a) X=(A+B)C+B (b) X = (A+ B)C (c) X = ABC + AB 
(dq) X=(A+B\(A+B) (e) X=(A+BC)\(B+C) 


SECTION 4-2 Laws and Rules of Boolean Algebra 


1. 


Identify the law of Boolean algebra upon which each of the following equalities is based: 

(a) AB+ CD + ACD + B=B+AB+ ACD + CD 

(b) ABCD + ABC = DCBA + CBA 

(c) AB(CD + EF + GH) = ABCD + ABEF + ABGH 

Identify the Boolean rule(s) on which each of the following equalities is based: 

(a) AB+CD+EF=AB+CD+EF _ (b) AAB + ABC + ABB = ABC 

(c) A(BC + BC) + AC = A(BC) + AC (d) AB(C + C) + AC = AB + AC 

(e) AB + ABC = AB (f) ABC + AB + ABCD = ABC + AB + D 


SECTION 4-3 DeMorgan’‘s Theorems 


SECTION 4-4 


» FIGURE 4-55 


9. 


10. 


11. 


Apply DeMorgan’s theorems to each expression: 





(a) A+B (b) AB (c) A+B+C (d) ABC 

(e) AB+C) (ff) AB+ CD (g) AB+CD —(h) (A+ B)(C +) 
Apply DeMorgan’s theorems to each expression: 

(a) AB(C + D) (b) AB(CD + EF) 


(c) (A+B+C+D)+ABCD (d) (A+B+C+D)(ABCD) 


(e) AB(CD + EF)(AB + CD) 
Apply DeMorgan’s theorems to the following: 





(a) (ABC)(EFG) + (HIJ)(KLM) (b) (A + BC + CD) + BC 
(c) (A + B)(C + D)(E + F\(G + A) 


Boolean Analysis of Logic Circuits 


12. Write the Boolean expression for each of the logic gates in Figure 4-55. 


(a 


A A 
B i a ‘ \>o— B > i. 
) (b) (c) 


A 
Cc 
) 


(d 


VQa> 


(a) (b) 


SECTION 4-5 


® FIGURE 4-57 
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13. Write the Boolean expression for each of the logic circuits in Figure 4-56. 


A ' A 
Xx 
x X 
C B C 
) (d) 


(c 


& FIGURE 4-56 


14. Draw the logic circuit represented by each of the following expressions: 
(a) A+B+C (b) ABC (c) AB+C (d) AB + CD 
15. Draw the logic circuit represented by each expression: 
(a) AB + AB (b) AB + AB + ABC 
(c) AB(C+D) (d)A+BlC+D(B+C)] 
16. Construct a truth table for each of the following Boolean expressions: 
(a) A+B (b) AB (c) AB + BC 
(d) (A+B)C (e) (A+ B)(B + C) 


Simplification Using Boolean Algebra 

17. Using Boolean algebra techniques, simplify the following expressions as much as possible: 
(a) A(A + B) (b) A(A + AB) (c) BC + BC 
(d) A(A+ AB)  (e) ABC + ABC + ABC 

18. Using Boolean algebra, simplify the following expressions: 
(a) (A+ B)\(A+C) (b) AB + ABC + ABCD + ABCDE 
(c) AB+ ABC +A (d) (A + A)(AB + ABC) 
(e) AB + (A+ B)C+ AB 

19. Using Boolean algebra, simplify each expression: 
(a) BD+ B(D+E)+D(D+F)  (b) ABC+ (A+B+C)+ ABCD 
(c) (B + BC)(B + BC)(B + D) (d) ABCD + AB(CD) + (AB)CD 
(e) ABC[AB + C(BC + AC)] 


20. Determine which of the logic circuits in Figure 4—57 are equivalent. 





(a) (b) 


MS SIA 





(c) (d) 
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SECTION 4-6 Standard Forms of Boolean Expressions 


SECTION 4-7 


21. 


22. 


23. 


24. 
25. 
26. 
4 
28. 


Convert the following expressions to sum-of-product (SOP) forms: 

(a) (A+ B)(C+B) (b)(A+BC)C_ (cc) (A+ C\(AB+AC) 

Convert the following expressions to sum-of-product (SOP) forms: 

(a) AB+ CD(AB+ CD)  (b) AB(BC+ BD) (ce) A+ B/AC+ (B+ C)D] 


Define the domain of each SOP expression in Problem 21 and convert the expression to 
standard SOP form. 


Convert each SOP expression in Problem 22 to standard SOP form. 

Determine the binary value of each term in the standard SOP expressions from Problem 23. 
Determine the binary value of each term in the standard SOP expressions from Problem 24. 
Convert each standard SOP expression in Problem 23 to standard POS form. 

Convert each standard SOP expression in Problem 24 to standard POS form. 


Boolean Expressions and Truth Tables 


29. 


30. 


Ji. 


32. 


30. 


34. 


Develop a truth table for each of the following standard SOP expressions: 

(a) ABC + ABC + ABC (b) X¥Z + XYZ + XYZ + XYZ + XYZ 

Develop a truth table for each of the following standard SOP expressions: 

(a) ABCD + ABCD + ABCD + ABCD 

(b) WXYZ + WXYZ + WXYZ + WXYZ + WXYZ 

Develop a truth table for each of the SOP expressions: 

(a) AB+ ABC+AC+ABC (b) X+ YZ+WZ+ XYZ 

Develop a truth table for each of the standard POS expressions: 

(a) (A+B+C)\(A+B+C)(A+B+4+C) 

(b) (A+B+C+D)(A+Bt+C+D)A+Bt+C+D)\(A+B+C+D) 
Develop a truth table for each of the standard POS expressions: 

(a) (A+ B\A+C\(A+B4+0O0) 

(b) (A+ B)(A+B+C)\(B+C+D)\(A+B+C+D) 

For each truth table in Figure 4—58, derive a standard SOP and a standard POS expression. 








0000] 0 
000110 
0010] 1 
L OO F1:1-0 
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(a) (b) (Cc) 


A FIGURE 4-58 
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SECTION 4-8 The Karnaugh Map 


SECTION 4-9 


35: 


Draw a 3-variable Karnaugh map and label each cell according to its binary value. 


36. Draw a 4-variable Karnaugh map and label each cell according to its binary value. 


37. Write the standard product term for each cell in a 3-variable Karnaugh map. 


Karnaugh MAP SOP Minimization 


38. 


39. 


40. 


41. 
42. 


43. 


44. 


45. 


Use a Karnaugh map to find the minimum SOP form for each expression: 

(a) ABC + ABC + ABC (b) AC(B + C) 

(c) A(BC + BC) + A(BC + BC)  (d) ABC + ABC + ABC + ABC 

Use a Karnaugh map to simplify each expression to a minimum SOP form: 

(a) ABC + ABC + ABC + ABC (b) AC[B + B(B + C)] 

(c) DEF + DEF + DEF 

Expand each expression to a standard SOP form: 

(a) AB + ABC + ABC (b) A+ BC 

(c) ABCD + ACD + BCD + ABCD (d) AB + ABCD + CD + BCD + ABCD 
Minimize each expression in Problem 40 with a Karnaugh map. 

Use a Karnaugh map to reduce each expression to a minimum SOP form: 

(a) A+ BC + CD 

(b) ABCD + ABCD + ABCD + ABCD 

(c) AB(CD + CD) + AB(CD + CD) + ABCD 

(d) (AB + AB)(CD + CD) 

(ec) AB+AB+CD+CD 

Reduce the function specified in the truth table in Figure 4-59 to its minimum SOP form by 
using a Karnaugh map. 





Use the Karnaugh map method to implement the minimum SOP expression for the logic 
function specified in the truth table in Figure 4—60. 





Inputs | Output 
ABC Xx 





l 0.0 U 0 0) 
] 0 0 0 | ] 
0 U0 0 10 I 
] 00 1 | 0 
1 D1 00 0 
1 OG 1-0 f 0 
0 Of 1.40 1 
] O 1 1 1 ] 
12) 020 ] 

1 0 0 1 0 

A FIGURE 4-59 160 10 ] 
{ O 1 1 0 

fot 00 i 

1 i 0 | ] 

1 1120 0 

Pl ] 





4 FIGURE 4-60 


Solve Problem 44 for a situation in which the last six binary combinations are not allowed. 
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SECTION 4-10 


SECTION 4-11 


SECTION 4-12 








Karnaugh Map POS Minimization 
46. Use a Karnaugh map to find the minimum POS for each expression: 
(a) (A+B+C)\(A+B+C)(A+B+C) 
(b) (X + Y)(X + Z)(X + Y+Z)(X+Y+Z) 
(c) A(B+ C)(A+C)\(A+B+C)\(A+B+C) 
47. Use a Karnaugh map to simplify each expression to minimum POS form: 
(a) (A+B+C+D)A+Bt+C+D)(A+B+C+D) 
(b) (X+ Y)(W+Z)\(X+Y+Z)\(W+X+Y+4+Z) 
48. For the function specified in the truth table of Figure 4-59, determine the minimum POS 
expression using a Karnaugh map. 
49. Determine the minimum POS expression for the function in the truth table of Figure 4-60. 


50. Convert each of the following POS expressions to minimum SOP expressions using a 
Karnaugh map: 


(a) (A+ B)(A+C)\(A+B+C) 
(b) (A+ B)(A+B+C)\(B+C+D)(A+B+C+D) 


Five-Variable Karnaugh Maps 
51. Minimize the following SOP expression using a Karnaugh map: 
X = ABCDE + ABCDE + ABCDE + ABCDE + ABCDE + ABCDE 


+ VWXYZ + VWXYZ + VWXYZ 


VHDL (optional) 
53. Write a VHDL program for the logic circuit in Figure 4-61. 


>» FIGURE 4-61 A 
B 


D 
E 
F 
G 
H 

I 


54. Write a program in VHDL for the expression 
Y = ABC + ABC + ABC + ABC 


Digital System Application 


55. If you are required to choose a type of digital display for low light conditions, will you select 
LED or LCD 7-segment displays? Why? 


56. Explain why the codes 1010, 1011, 1100, 1101, 1110, and 1111 fall into the “don’t care” 
category in 7-segment display applications. 


57. For segment b, how many fewer gates and inverters does it take to implement the minimum 
SOP expression than the standard SOP expression? 


58. Repeat Problem 57 for the logic for segments c through g. 


Special Design Problems 


59. The logic for segment a in Figure 4—52 produces a HIGH output to activate the segment and so 
do the circuits for each of the other segments. If a type of 7-segment display is used that 
requires a LOW to activate each segment, modify the segment logic accordingly. 
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60. Redesign the logic for segment a using a minimum POS approach. Which is simpler, 
minimum POS or the minimum SOP? 


61. Repeat Problem 60 for segments b through g. 


62. Summarize the results of your redesign effort in Problems 60 and 61 and recommend the best 
design based on fewer ICs. Specify the types of ICs. 


Multisim Troubleshooting Practice 


63. Open file P04-63, apply input signals, and observe the operation of the logic circuit. 
Determine whether or not a fault exists. 





64. Open file P04-64, apply input signals, and observe the operation of the logic circuit. 
Determine whether or not a fault exists. 


65. Open file P04-65, apply input signals, and observe the operation of the logic circuit. 
Determine whether or not a fault exists. 


LANSWERS 
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SECTION 4-1 Boolean Operations and Expressions 
1A=0=1 2.A—-1,B=1,C=0:A4+B+C=14+1+0=0+0+0=0 
3, A=1,8 =0,C = ABC = 1°01 = 1-1 = 1 


SECTION 4-2 Laws and Rules of Boolean Algebra 
LATS TC4 DH 47 boo) 2A + OTH AB PAG TAD 


SECTION 4-3 DeMorgan’s Theorems 
1. (a) ABC +(D+E)=A+B+C+DE ~~ (b) (A+B)C=AB+H+C 


() A+B+C+DE=ABC+D+E 





SECTION 4-4 _ Boolean Analysis of Logic Circuits 
l, (C+ DIB-+ A 


2. Abbreviated truth table: The expression is a | when A is | or when B and C are Is or when B 
and D are 1s. The expression is 0 for all other variable combinations. 


SECTION 4-5 Simplification Using Boolean Algebra 
1. (a2) A+ AB+ABC=A_ (b) (A+ B)C+ABC=C(A +B) 
(c) ABC(BD + CDE) + AC = A(C + BDE) 
2. (a) Original: 2 AND gates, 1 OR gate, | inverter; Simplified: No gates (straight connection) 


(b) Original: 2 OR gates, 2 AND gates, | inverter; Simplified: | OR gate, 1 AND gate, 
| inverter 


(c) Original: 5 AND gates, 2 OR gates, 2 inverters; Simplified: 2 AND gates, 1 OR gate, 
2 inverters 


SECTION 4-6 Standard Forms of Boolean Expressions 
1. (a) SOP (b) standard POS (c) standard SOP (d) POS 
2. (a) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(c) Already standard 
3. (b) Already standard 
()(A+B+C)\(A+B+C\(A+Bt+C)\(A+B+C) 
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SECTION 4-7 _ Boolean Expressions and Truth Tables 
1. 2° = 32 2, 110 Wa | S10 — We EZ 


SECTION 4-8 The Karnaugh Map 
1. (a) upper left cell: O00 (b) lower right cell: 101 (c) lower left cell: 100 
(d) upper right cell: 001 
2. (a) upper left cell: X YZ (b) lower right cell: XYZ (ec) lower left cell: XYZ 
(d) upper right cell: XYZ 
3. (a) upper left cell: 0000 (b) lower right cell: 1010 (c) lower left cell: 1000 
(d) upper right cell: 0010 
4. (a) upper left cell: WXYZ — (b) lowerright cell: WXYZ — (ce) lower left cell: WX YZ 


(d) upper right cell: WXYZ 


SECTION 4-9  Karnaugh Map SOP Minimization 

1. 8-cell map for 3 variables; 16-cell map for 4 variables 

2. AB + BC + ABC 

3. (a) ABC + ABC + ABC + ABC 
(b) ABC + ABC + ABC + ABC + ABC + ABC 
(c) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(d) ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + 

ABCD + ABCD + ABCD 


SECTION 4-10 Karnaugh Map POS Minimization 


1. In mapping a POS expression, Os are placed in cells whose value makes the standard sum term 
zero; and in mapping an SOF expression Is are placed in cells having the same values as the 
product terms. 


2. Ointhe 1011 cell: A +B+C+D 3. 1 in the 0010 cell: ABCD 


SECTION 4-11 _ Five-Variable Karnaugh Maps 
1. There are 32 combinations of 5 variables (2° = 32). 


2. X = | because the function is | for all possible combinations of 5 variables. 


SECTION 4-12 VHDL (optional) 
1. An HDL is a hardware description language for programmable logic. 
2. Entity and architecture 
3. The entity specifies the inputs and outputs of a logic function. 
4 


. The architecture specifies operation of a logic function. 


-RELATED PROBLEMS FOR EXAMPLE 

4-1 A+ B=OwhenA = 1 andB=O. 
4-2 AB=1whenA=OandB=0. 43 XYZ 
44W+X+Y+Z 45 ABCDE 46(A+B+CD)E 
4-7 ABCD=A+B+C+D 48AB 49 CD 

4-10 ABC + AC+AB 

411 A+B+C 4412 ABC+AB+AC+AB+ BC 

4-13 WXYZ + WXYZ + WXYZ + WXYZ + WXYZ + WXYZ 

4-14 011, 101, 110, 010, 111. Yes 
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4-15 (A+B+C)\A+B+C\(A+B+C)(A+B+C) 
4-16 010, 100, 001, 111, O11. Yes 4-17 SOP and POS expressions are equivalent. 
4-18 See Table 4-11. 4-19 See Table 4-12. 





Y TABLE 4-11 VY TABLE 4-12 
: 

0 0 0 0 0 0 i 
0 1 0 0 0 i 0 
0 0 I 0 | 0 0 
0 1 0 0 1 ] | 
1 0 0 I 0 0 1 
1 1 i ] 0 | 
| 0 0 i i 0 1 

1 0 1 i 0 





4—20) The SOP and POS expressions are equivalent. 4-21 See Figure 4-62. 
4-22 See Figure 4-63. 4-23 See Figure 4-64. 4-24 See Figure 4-65. 
4-25 No other ways 4-26 X = B+AC + ACD + CD 

4-27 X =D + ABC + BC + AB 

428 O=X+Y 

4-29 Q = XYZ + WXZ + WYZ 

4-30 See Figure 4-66. 





& FIGURE 4-62 & FIGURE 4-63 & FIGURE 4-64 & FIGURE 4-65 


4-31 O=(X+ Y)(X+ Z)(X+Y+Z) 

4-32 Q=(X+Y+Z)\W+X+Z)(W+X+Y+Z)(Wt+X+Y+Z) 
4-33 O=YZ+XZ+ WY+ XYZ 

4-34 Y=DE+AE+BCE 

4-35 X <= (A and B) nor (C and D); 


SELF-TEST 

i.i) Bia) Sh) Ae im 64h Da & 
9. (d) 10.(d) I1.(c) 12.(b) 13.(b) 14.(c) 15. (a) 16. (c) 
A FIGURE 4-66 00 17. (a) 18. (b) 19.(c) 20.(b) 21. () 














CHAPTER OUTLINE CHAPTER OBJECTIVES 


Basic Combinational Logic Circuits Analyze basic combinational logic circuits, such as AND-OR, 
implementing Combinational Logic AND-OR-Invert, exclusive-OR, and exclusive-NOR 
The Universal Property of NAND and NOR Gates Use AND-OR and AND-OR-Invert circuits to implement sum- 
Combinational Logic Using NAND and NOR of-products (SOP) and product-of-sums (POS) expressions 
Gates Write the Boolean output expression for any combinational 
Logic Circuit Operation with Pulse Waveform logic circuit 

Inputs 

— Lie a Develop a truth table from the output expression for a 
Combinational Logic with VHDL (optional) combinational logic circuit 
Troubleshooting 


Use the Karnaugh map to expand an output expression 


CT Digital System Application containing terms with missing variables into a full SOP form 





© Design a combinational logic circuit for a given Boolean output 


expression 
© Design a combinational logic circuit for a given truth table 
© Simplify a combinational logic circuit to its minimum form 


"= Use NAND gates to implement any combinational logic 
function 


"= Use NOR gates to implement any combinational logic function 
"= Write VHDL programs for simple logic circuits 
© Troubleshoot faulty logic circuits 


© Troubleshoot logic circuits by using signal tracing and waveform 


analysis 


"Apply combinational logic to a system application 


KEY TERMS 


Universal gate - Signal 
Negative-OR Node 
Negative-AND Signal tracing 


Component 


INTRODUCTION 


In Chapters 3 and 4, logic gates were discussed on an 
individual basis and in simple combinations. You were 
introduced to SOP and POS implementations, which are 
basic forms of combinational logic. When logic gates are 
connected together to produce a specified output for 
certain specified combinations of input variables, with no 
storage involved, the resulting circuit is in the category of 
combinational logic. In combinational logic, the output 
level is at all times dependent on the combination of input 
levels. This chapter expands on the material introduced in 
earlier chapters with a coverage of the analysis, design, and 
troubleshooting of various combinational logic circuits. The 
VHDL structural approach is introduced and applied to 
combinational logic. 





S@e DIGITAL SYSTEM APPLICATION PREVIEW 





The Digital System Application illustrates the concepts 
taught in this chapter by demonstrating how combinational 
logic can be used for a specific purpose in a practical 
application. A logic circuit is used to control the level and 
temperature of a fluid in a storage tank. By operating inlet 
and outlet valves, the inflow and outflow are controlled 
based on level-sensor inputs. The fluid temperature is 
controlled by turning a heating element on or off based on 
temperature-sensor inputs. As an option, the use of VHDL 
for describing the logic is also discussed. 


D www. | VISIT THE COMPANION WEBSITE 


_ Study aids for this chapter are available at 
http://www.prenhall.com/floyd 
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BT pasic COMBINATIONAL LOGIC CIRCUITS 


AND-OR logic produces an SOP 


expression. 


» FIGURE 5-1 


An example of AND-OR logic. Open 


file F05-01 to verify the operation. 





» TABLE 5-1 


Truth table for the AND-OR logic in 


Figure 5-1. 


In Chapter 4, you learned that SOP expressions are implemented with an AND gate for each 
product term and one OR gate for summing all of the product terms. As you know, this SOP 
implementation is called AND-OR logic and is the basic form for realizing standard Boolean 
functions. In this section, the AND-OR and the AND-OR-Invert are examined; the exclusive- 
OR and exclusive-NOR gates, which are actually a form of AND-OR logic, are also covered. 


After completing this section, you should be able to 


= Analyze and apply AND-OR circuits ™ Analyze and apply AND-OR-Invert circuits 
= Analyze and apply exclusive-OR gates ™ Analyze and apply exclusive-NOR gates 





_AND-OR Logic 


Figure 5—l(a) shows an AND-OR circuit consisting of two 2-input AND gates and one 
2-input OR gate; Figure 5—1(b) is the ANSI standard rectangular outline symbol. The 
Boolean expressions for the AND gate outputs and the resulting SOP expression for the out- 
put X are shown on the diagram. In general, an AND-OR circuit can have any number of 
AND gates each with any number of inputs. 

The truth table for a 4-input AND-OR logic circuit is shown in Table 5—1. The interme- 
diate AND gate outputs (the AB and CD columns) are also shown in the table. 






; A 21 
: SOP ‘ 
B X=AB+CD ; 
X 

ce 
C 
D D 
(a) Logic diagram (ANSI standard distinctive (b) ANSI standard rectangular outline symbol 


shape symbols) 


INPUTS OUTPUT 
xX 
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An AND-OR circuit directly implements an SOP expression, assuming the complements 
(if any) of the variables are available. The operation of the AND-OR circuit in Figure 5—1 
is stated as follows: 


For a 4-input AND-OR logic circuit, the output X is HIGH (1) if both input A and 
input B are HIGH (1) or both input C and input D are HIGH (1). 


| EXAMPLE 5-1 
| In a certain chemical-processing plant, a liquid chemical is used in a manufacturing 


process. The chemical is stored in three different tanks. A level sensor in each tank 
produces a HIGH voltage when the level of chemical in the tank drops below a 
specified point. 

Design a circuit that monitors the chemical level in each tank and indicates when 
the level in any two of the tanks drops below the specified point. 


Solution The AND-OR circuit in Figure 5—2 has inputs from the sensors on tanks A, B, and C as 
shown. The AND gate G, checks the levels in tanks A and B, gate G, checks tanks A and 
C, and gate G; checks tanks B and C. When the chemical level in any two of the tanks gets 
too low, one of the AND gates will have HIGHs on both of its inputs, causing its output to 
be HIGH; and so the final output X from the OR gate is HIGH. This HIGH input is then 
used to activate an indicator such as a lamp or audible alarm, as shown in the figure. 


a4 
X | Low-level 
? indicator 
=o 


& FIGURE 5-2 


Related Problem” Write the Boolean SOP expression for the AND-OR logic in Figure 5-2. 


* Answers are at the end of the chapter. 





-AND-OR-Invert Logic 


When the output of an AND-OR circuit is complemented (inverted), it results in an 
AND-OR-Invert circuit. Recall that AND-OR logic directly implements SOP expres- 
sions. POS expressions can be implemented with AND-OR-Invert logic. This is illus- 
trated as follows, starting with a POS expression and developing the corresponding 
AND-OR- Invert expression. 


X = (A + B)(C + D) = (AB)(CD) = (AB)(CD) = AB + CD = AB + CD 
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The logic diagram in Figure 5—3(a) shows an AND-OR-Invert circuit and the develop- 
ment of the POS output expression. The ANSI standard rectangular outline symbol is 
shown in part (b). In general, an AND-OR-Invert circuit can have any number of AND gates 
each with any number of inputs. 


®» FIGURE 5-3 


An AND-OR-Invert circuit produces 
a POS output. Open file F05-03 to 
verify the operation. 


POS 
AB+CD = (A+ B)(C+D) 






AB+CD 





The operation of the AND-OR-Invert circuit in Figure 5—3 is stated as follows: 


For a 4-input AND-OR-Invert logic circuit, the output X is LOW (0) if both 
input A and input B are HIGH (1) or both input C and input D are HIGH (1). 


A truth table can be developed from the AND-OR truth table in Table 5—1 by simply chang- 
ing all 1s to Os and all Os to Is in the output column. 


EXAMPLE 5-2 
The sensors in the chemical tanks of Example 5—1 are being replaced by a new model 
that produces a LOW voltage instead of a HIGH voltage when the level of the 
chemical in the tank drops below a critical point. 
Modify the circuit in Figure 5—2 to operate with the different input levels and still 
produce a HIGH output to activate the indicator when the level in any two of the tanks 
drops below the critical point. Show the logic diagram. 


Solution The AND-OR-Invert circuit in Figure 5—4 has inputs from the sensors on tanks A, B, 
and C as shown. The AND gate G, checks the levels in tanks A and B, gate G, checks 
tanks A and C, and gate G; checks tanks B and C. When the chemical level in any two 
of the tanks gets too low, each AND gate will have a LOW on at least one input 
causing its output to be LOW and, thus, the final output X from the inverter is HIGH. 
This HIGH output is then used to activate an indicator. 


X | Low-level 
O sc ey 
Le a indicator 





4 FIGURE 5-4 


Related Problem Write the Boolean expression for the AND-OR-Invert logic in Figure 5—4 and show 
that the output is HIGH (1) when any two of the inputs A, B, and C are LOW (0). 


— 
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_Exclusive-OR Logic 


The exclusive-OR gate was introduced in Chapter 3. Although, because of its importance, The XOR gate is actually a 
this circuit is considered a type of logic gate with its own unique symbol, it is actually a combination of other gates. 
combination of two AND gates, one OR gate, and two inverters, as shown in Figure 5—S(a). 

The two ANSI standard logic symbols are shown in parts (b) and (c). 


<@ FIGURE 5-5 

Exclusive-OR logic diagram and 
symbols. Open file F05-05 to verify 
the operation. 


(a) Logic diagram (b) ANSI distinctive (c) ANSI rectangular 
shape symbol outline symbol 





The output expression for the circuit in Figure 5—5 is 
X = AB + AB 


Evaluation of this expression results in the truth table in Table 5—2. Notice that the output 
is HIGH only when the two inputs are at opposite levels. A special exclusive-OR operator 
© is often used, so the expression X = AB + AB can be stated as “X is equal to A exclu- 
sive-OR B” and can be written as 


X=A@MB 


“@ TABLE 5-2 
Truth table for an exclusive-OR. 





Exclusive-NOR Logic 


As you know, the complement of the exclusive-OR function is the exclusive-NOR, which 
is derived as follows: 


X = AB + AB = (AB) (AB) = (A + B)(A + B) =AB+ AB 


Notice that the output X is HIGH only when the two inputs, A and B, are at the same level. 

The exclusive-NOR can be implemented by simply inverting the output of an exclusive- 
OR, as shown in Figure 5—6(a), or by directly implementing the expression A B + AB, as 
shown in part (b). 


XOR “«@ FIGURE 5-6 


Two equivalent ways of implementing 
the exclusive-NOR. Open file 
F05-06 to verify the operation. 





B 








(a) X=AB+AB (b) X=AB+AB 
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| [secrion 5-1 
| REVIEW : 


Answers are at the end of the 
chapter. 
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1. Determine the output (1 or 0) of a 4-variable AND-OR-Invert circuit for each of | 
the following input conditions: | 
(a) A=1,B=0,C=1,D=0  (b) A=1,B=1,C=0,D=1 | 
(c) A=0,B=1,C=1,D=1 

2. Determine the output (1 or 0) of an exclusive-OR gate for each of the following 
input conditions: | 
(a) A=1,B=0 (b) A=1,B=1 | 
(c) A=0,B=1 + (d)A=0,B=0 | 

3. Develop the truth table for a certain 3-input logic circuit with the output 


expression X = ABC + ABC + ABC + ABC + ABC. | 


4. Draw the logic diagram for an exclusive-NOR circuit. 


1522 IMPLEMENTING COMBINATIONAL LOGIC 


For every Boolean expression 
there is a logic circuit, and for 
every logic circuit there is a 


Boolean expression. 






COMPUTER NOTE 


pets: 





Many control programs require 
logic operations to be performed 
by a computer. A driver program is 
a control program that is used 
with computer peripherals. For 
example, a mouse driver requires 
logic tests to determine if a 
button has been pressed and 
further logic operations to 
determine if it has moved, either 
horizontally or vertically. Within 
the heart of a microprocessor is 
the arithmetic logic unit (ALU), 
which performs these logic 
operations as directed by program 
instructions. All of the logic 
described in this chapter can also 
be performed by the ALU, given 
the proper instructions. 


In this section, examples are used to illustrate how to implement a logic circuit from a 
Boolean expression or a truth table. Minimization of a logic circuit using the methods 
covered in Chapter 4 is also included. 


After completing this section, you should be able to 


= Implement a logic circuit from a Boolean expression ® Implement a logic circuit 
from a truth table ™ Minimize a logic circuit 


From a Boolean Expression to a Logic Circuit 


Let’s examine the following Boolean expression: 
X = AB + CDE 


A brief inspection shows that this expression is composed of two terms, AB and CDE, with 
a domain of five variables. The first term is formed by ANDing A with B, and the second 
term is formed by ANDing C, D, and E. The two terms are then ORed to form the output 
X. These operations are indicated in the structure of the expression as follows: 


| ticant aie AND 


X= AB + CDE 


| aneneene 


Note that in this particular expression, the AND operations forming the two individual 
terms, AB and CDE, must be performed before the terms can be ORed. 

To implement this Boolean expression, a 2-input AND gate is required to form the term 
AB, and a 3-input AND gate is needed to form the term CDE. A 2-input OR gate is then re- 
quired to combine the two AND terms. The resulting logic circuit is shown in Figure 5—7. 


» FIGURE 5-7 
Logic circuit forX = AB + CDE. 


X =AB + CDE 
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As another example, let’s implement the following expression: 
X = AB(CD + EF) 


A breakdown of this expression shows that the terms AB and (CD + EF) are ANDed. The 
term CD + EF is formed by first ANDing C and D and ANDing E and F, and then ORing 
these two terms. This structure is indicated in relation to the expression as follows: 


AND 
NOT 
| ——— OR 
X = AB(CD + EF) 


AND 


Before you can implement the final expression, you must create the sum term CD + EF : 
but before you can get this term; you must create the product terms CD and EF; but before 
you can get the term CD, you must create D. So, as you can see, the logic operations must 
be done in the proper order. 

The logic gates required to implement X = AB(CD + EF) are as follows: 


1. One inverter to form D 

2. Two 2-input AND gates to form CD and EF 
3. One 2-input OR gate to form CD + EF 

4. One 3-input AND gate to form X 


The logic circuit for this expression is shown in Figure 5—8(a). Notice that there is a maxi- 
mum of four gates and an inverter between an input and output in this circuit (from input D 
to output). Often the total propagation delay time through a logic circuit is a major consid- 
eration. Propagation delays are additive, so the more gates or inverters between input and 
output, the greater the propagation delay time. 

Unless an intermediate term, such as CD + EF in Figure 5—8(a), is required as an out- 
put for some other purpose, it is usually best to reduce a circuit to its SOP form in order to 
reduce the overall propagation delay time. The expression is converted to SOP as follows, 
and the resulting circuit is shown in Figure 5—8(b). 


AB(CD + EF) = ABCD + ABEF 


A 
B 
C 


X = AB(CD + EF) 
D 


X =ABCD + ABEF 





E 
F 





(a) (b) Sum-of-products implementation of the circuit in part (a) 


4 FIGURE 5-8 
Logic circuits for X = AB(CD + EF) = ABCD + ABEF. 


From a Truth Table to a Logic Circuit 


If you begin with a truth table instead of an expression, you can write the SOP expression from 
the truth table and then implement the logic circuit. Table 5—3 specifies a logic function. 
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» TABLE 5-3 
INPUTS OUTPUT 


X PRODUCT TERM 


—_= = Oo CO §|& - CO © Hew 
— or OO - OO KK OC a! 


See ae SO ee ae 


A 
0 
0 
0 
0 
1 
1 
1 
| 





The Boolean SOP expression obtained from the truth table by ORing the product terms 
for which X = | is 


X = ABC + ABC 


The first term in the expression is formed by ANDing the three variables A, B, and C. The 
second term is formed by ANDing the three variables A, B, and C. 

The logic gates required to implement this expression are as follows: three inverters to form 
the A, B, and C variables; two 3-input AND gates to form the terms ABC and AB C; and one 
2-input OR gate to form the final output function, ABC + ABC. 

The implementation of this logic function is illustrated in Figure 5—9. 


®» FIGURE 5-9 

Logic circuit for X = ABC + ABC. 
Open file F05-09 to verify the 

tion. 


iH bi) 
ve 


OPste X =ABC + ABC 








EXAMPLE 5-3 
Design a logic circuit to implement the operation specified in the truth table of Table 5-4. 


Vv TABLE 5-4 


INPUTS OUTPUT 
B Xx PRODUCT TERM 


0 
0 
0 
1 
0 
| 
| 
0 





Fe Fee ococoo BS 
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Solution Notice that X = 1 for only three of the input conditions. Therefore, the logic 
expression 1S 


X = ABC + ABC + ABC 


The logic gates required are three inverters, three 3-input AND gates and one 3-input 
OR gate. The logic circuit is shown in Figure 5—10. 


» FIGURE 5-10 


Open file F05-10 to verify the 
operation. 





Related Problem Determine if the logic circuit of Figure 5—10 can be simplified. 





| EXAMPLE 5-4 
Develop a logic circuit with four input variables that will only produce a | output 


when exactly three input variables are Is. 


Solution Out of sixteen possible combinations of four variables, the combinations in which 
there are exactly three Is are listed in Table 5—5, along with the corresponding product 
term for each. 


» TABLE 5-5 











Se ee 
0 | 1 1 ABCD : 
1 0 1 1 ABCD 

| l 0 1 ABCD 

1 1 1 0 ABCD 





The product terms are ORed to get the following expression: 
X = ABCD + ABCD + ABCD + ABCD 


This expression is implemented in Figure 5—11 with AND-OR logic. 
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» FIGURE 5-11 


Open file F05-11 to verify the 
operation. 





Related Problem Determine if the logic circuit of Figure 5—11 can be simplified. 


EXAMPLE 5-5 
Reduce the combinational logic circuit in Figure 5—12 to a minimum form. 


» FIGURE 5-12 


Open file F05-12 to verify that A 
this circuit is equivalent to the 





circuit in Figure 5-13. 





D 


Solution ‘The expression for the output of the circuit is 
X = (ABC)C + ABC + D 
Applying DeMorgan’s theorem and Boolean algebra, 
T= AHS+ OC+A+S SCHED 
=AC > BC + CO PAst Bt 6 + D 
=AC+BC4+C+ATB4£€4D 
=C(A+B+ 1) +A+8+D 
XH APB C+D 


The simplified circuit is a 4-input OR gate as shown in Figure 5-13. 


=>— 


Related Problem Verify the minimized expression A + B + C+ D using a Karnaugh map. 


» FIGURE 5-13 


UAw> 
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| EXAMPLE 5-6 
Minimize the combinational logic circuit in Figure 5—14. Inverters for the 


complemented variables are not shown. 


» FIGURE 5-14 


CYS | > 


SiQiwiS: SAQiwS! GiQis > 


Solution The output expression is 
X = ABC + ABCD + ABCD + ABCD 
Expanding the first term to include the missing variables D and D, 


X = ABC(D + D) + ABCD + ABCD + ABCD 
= ABCD + ABCD + ABCD + ABCD + ABCD 
This expanded SOP expression is mapped and simplified on the Karnaugh map in 


Figure 5—15(a). The simplified implementation is shown in part (b). Inverters are 
not shown. 


CD 





BC 


ACD 7 


(a) (b) 


4 FIGURE 5-15 


Related Problem Develop the POS equivalent of the circuit in Figure 5—15(b). 


_ | SECTION 5-2 
REVIEW 1. Implement the following Boolean expressions as they are stated: 


(a) X = ABC + AB + AC (b) X = AB(C + DE) 
2. Develop a logic circuit that will produce a 1 on its output only when all three 
inputs are 1s or when all three inputs are Os. 


3. Reduce the circuits in Question 1 to minimum SOP form. 
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(5-3 THE UNIVERSAL PROPERTY OF NAND AND NOR GATES 


Up to this point, you have studied combinational circuits implemented with AND gates, 
OR gates, and inverters. In this section, the universal property of the NAND gate and 
the NOR gate is discussed. The universality of the NAND gate means that it can be used 
as an inverter and that combinations of NAND gates can be used to implement the 
AND, OR, and NOR operations. Similarly, the NOR gate can be used to implement the 
inverter (NOT), AND, OR, and NAND operations. 





After completing this section, you should be able to 


= Use NAND gates to implement the inverter, the AND gate, the OR gate, and the NOR 
gate ™ Use NOR gates to implement the inverter, the AND gate, the OR gate, and the 
NAND gate 


The NAND Gate as a Universal Logic Element 


NAND gates can be used to The NAND gate is a universal gate because it can be used to produce the NOT, the AND, the 

produce any logic function. OR, and the NOR functions. An inverter can be made from a NAND gate by connecting all 
of the inputs together and creating, in effect, a single input, as shown in Figure 5—16(a) for a 
2-input gate. An AND function can be generated by the use of NAND gates alone, as shown in 
Figure 5—16(b). An OR function can be produced with only NAND gates, as illustrated in part 
(c). Finally, a NOR function is produced as shown in part (d). 


» FIGURE 5-16 


Universal application of NAND A —+—[ p~- A A 


gates. Open files F05-16(a), (b), (c), 
and (d) to verify each of the (a) One NAND gate used as an inverter 


equivalencies. 











(d) Four NAND gates used as a NOR gate 


In Figure 5—16(b), a NAND gate is used to invert (complement) a NAND output to form 
the AND function, as indicated in the following equation: 


X= AB = AB 


THE UNIVERSAL PROPERTY OF NAND AND NOR GATES 


In Figure 5—16(c), NAND gates G, and G, are used to invert the two input variables be- 
fore they are applied to NAND gate G;. The final OR output is derived as follows by ap- 
plication of DeMorgan’s theorem: 

X=AB=A+B 


In Figure 5—16(d), NAND gate G, is used as an inverter connected to the circuit of 
part (c) to produce the NOR operation A + B. 





The NOR Gate as a Universal Logic Element 


Like the NAND gate, the NOR gate can be used to produce the NOT, AND, OR, and NAND 
functions. A NOT circuit, or inverter, can be made from a NOR gate by connecting all of the 
inputs together to effectively create a single input, as shown in Figure 5—17(a) with a 2-input 
example. Also, an OR gate can be produced from NOR gates, as illustrated in Figure 5—17(b). 
An AND gate can be constructed by the use of NOR gates, as shown in Figure 5—17(c). In this 
case the NOR gates G, and G, are used as inverters, and the final output is derived by the use 
of DeMorgan’s theorem as follows: 


X=A+B=AB 
Figure 5—17(d) shows how NOR gates are used to form a NAND function. 


(b) Two NOR gates used as an OR gate 


A A+B A _~>— 
A+B ay A+B 
B B 





(d) Four NOR gates used as a NAND gate 


SECTION 5-3 
REVIEW 1. Use NAND gates to implement each expression: 


neg 


(a) X= AB (6) X AB 
2. Use NOR gates to implement each expression: 
(a) X=A+B  (b)X=AB 





seeueetemeemiiiesienmemmmeneeentnean amen meanneea aera ere RR aD OL  neTTTSEE TT TTETETT 


NOR gates can be used to 


produce any logic function. 


«@ FIGURE 5-17 
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Universal application of NOR gates. 
Open files F05-17(a), (b), (c), and 


(d) to verify each of the 


equivalencies. 
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324 comBINATIONAL LOGIC USING NAND AND NOR GATES 


In this section, you will see how NAND and NOR gates can be used to implement a 
logic function. Recall from Chapter 3 that the NAND gate also exhibits an equivalent 
operation called the negative-OR and that the NOR gate exhibits an equivalent operation 
called the negative-AND. You will see how the use of the appropriate symbols to 
represent the equivalent operations makes “reading” a logic diagram easier. 


After completing this section, you should be able to 


= Use NAND gates to implement a logic function ™ Use NOR gates to implement a 
logic function ™ Use the appropriate dual symbol in a logic diagram 


'NAND Logic 
As you have learned, a NAND gate can function as either a NAND or a negative-OR be- 
cause, by DeMorgan’s theorem, 


AB = A+B 
NAND ae | —_—e negative-OR 


Consider the NAND logic in Figure 5—18. The output expression is developed in the fol- 
lowing steps: 








» FIGURE 5-18 


NAND logic for X = AB + CD. 
X =AB+CD 





As you can see in Figure 5—18, the output expression, AB + CD, is in the form of two 
AND terms ORed together. This shows that gates G, and G; act as AND gates and that gate 
G, acts as an OR gate, as illustrated in Figure 5—19(a). This circuit is redrawn in part (b) 
with NAND symbols for gates G, and G; and a negative-OR symbol for gate G,. 

Notice in Figure 5—19(b) the bubble-to-bubble connections between the outputs of gates 
G, and G; and the inputs of gate G,. Since a bubble represents an inversion, two connected 
bubbles represent a double inversion and therefore cancel each other. This inversion can- 
cellation can be seen in the previous development of the output expression AB + CD and 
is indicated by the absence of barred terms in the output expression. Thus, the circuit in 
Figure 5—19(b) is effectively an AND-OR circuit, as shown in Figure 5—19(c). 


NAND Logic Diagrams Using Dual Symbols All logic diagrams using NAND gates 
should be drawn with each gate represented by either a NAND symbol or the equivalent 
negative-OR symbol to reflect the operation of the gate within the logic circuit. The 
NAND symbol and the negative-OR symbol are called dual symbols. When drawing a 
NAND logic diagram, always use the gate symbols in such a way that every connection 
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G, acts as AND 


AB + CD 





G, acts as OR 


G; acts as AND 


(a) Original NAND logic diagram showing effective 
gate operation relative to the output expression 


Bubbles cancel 


AB+CD = AB + CD 





Bubbles cancel 


(b) Equivalent NAND/Negative-OR logic diagram (c) AND-OR equivalent 


between a gate output and a gate input is either bubble-to-bubble or nonbubble-to- 
nonbubble. A bubble output should not be connected to a nonbubble input or vice versa 
in a logic diagram. 

Figure 5—20 shows an arrangement of gates to illustrate the procedure of using the ap- 
propriate dual symbols for a NAND circuit with several gate levels. Although using all 
NAND symbols as in Figure 5—20(a) is correct, the diagram in part (b) is much easier to 
“read” and is the preferred method. As shown in Figure 5—20(b), the output gate is repre- 
sented with a negative-OR symbol. Then the NAND symbol is used for the level of gates 
right before the output gate and the symbols for successive levels of gates are alternated as 
you move away from the output. 








B ABCD 












(ABCD)I 
= (ABCD) + EI 
EF = ABCD + EI 
= (AB+ C)D+ EF 
= (AB+C)D+EF 
(a) Several Boolean steps are required to arrive at final output expression. 
AND 
Bubble cancels bar 
AR AND 
A j 
= ———— Bubble 
B C (ABC)D cancels 
bar ¥ 
Bubble adds (AB+ C)D+ EF 
bar to C : OR — 
EF Bubble 
cancels bar 


OR 
AND 


(b) Output expression can be obtained directly from the function of each gate symbol in the diagram. 


<< FIGURE 5-19 


Development of the AND-OR 
equivalent of the circuit in 
Figure 5-18. 


<@ FIGURE 5-20 


Illustration of the use of the 
appropriate dual symbols in a NAND 
logic diagram. 
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The shape of the gate indicates the way its inputs will appear in the output expression 
and thus shows how the gate functions within the logic circuit. Fora NAND symbol, the in- 
puts appear ANDed in the output expression; and for a negative-OR symbol, the inputs ap- 
pear ORed in the output expression, as Figure 5—20(b) illustrates. The dual-symbol diagram 
in part (b) makes it easier to determine the output expression directly from the logic dia- 
gram because each gate symbol indicates the relationship of its input variables as they ap- 
pear in the output expression. 


: EXAMPLE 5-7 
Redraw the logic diagram and develop the output expression for the circuit in 


Figure 5—21 using the appropriate dual symbols. 


» FIGURE 5-21 





Solution Redraw the logic diagram in Figure 5—21 with the use of equivalent negative-OR 
symbols as shown in Figure 5—22. Writing the expression for X directly from the 
indicated logic operation of each gate gives X = (A + B)C + (D+ E)F. 


X=(A+B)C+(D+E)F 





A FIGURE 5-22 





Related Problem Derive the output expression from Figure 5—21 and show it is equivalent to the 
expression in the solution. 





| EXAMPLE 5-8 
Implement each expression with NAND logic using appropriate dual symbols: 


| 
| (a) ABC+DE (b) ABC+D+E 


Solution See Figure 5—23. 
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ABC Bubble cancels bar P ABC Bubble cancels bar 
, 
ABC + DE D ABC+D+E 


DE Bubble cancels bar Bubbles add bars to D and E 
(a) (b) 


& FIGURE 5-23 


Related Problem Convert the NAND circuits in Figure 5—23(a) and (b) to equivalent AND-OR logic. 





NOR Logic 


A NOR gate can function as either a NOR or a negative-AND, as shown by DeMorgan’s 
theorem. 


A+B = AB 
| ie T negative-AND 
Consider the NOR logic in Figure 5—24. The output expression is developed as follows: 
X=A+B+C+D=(A+B)(C+D) =(A+B)(C+D) 

















“@ FIGURE 5-24 


NOR logic for X = (A + B)(C + D). 
X=(A+B)(C + D) 





As you can see in Figure 5—24, the output expression (A + B)(C + D) consists of two 
OR terms ANDed together. This shows that gates G, and G; act as OR gates and gate G, 
acts as an AND gate, as illustrated in Figure 5—25(a). This circuit is redrawn in part (b) with 
a negative-AND symbol for gate G,. 


see «@ FIGURE 5-25 
G, acts as OR Bubbles cancel 2 


(A + B)\(C + D) (A+B)\(C+D) 





G, acts as AND 


G, acts as OR Bubbles cancel 


(a) (b) 


NOR Logic Diagram Using Dual Symbols As with NAND logic, the purpose for using 
the dual symbols is to make the logic diagram easier to read and analyze, as illustrated in 
the NOR logic circuit in Figure 5-26. When the circuit in part (a) is redrawn with dual 
symbols in part (b), notice that all output-to-input connections between gates are bubble- 
to-bubble or nonbubble-to-nonbubble. Again, you can see that the shape of each gate sym- 
bol indicates the type of term (AND or OR) that it produces in the output expression, thus 
making the output expression easier to determine and the logic diagram easier to analyze. 
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» FIGURE 5-26 





BS > 


Illustration of the use of the A+B+C+D 


appropriate dual symbols in a NOR 





A+B+CaD+E4F 
=(A+B+C+D\E+F) 
E+F ~ (A+ B+C+D\E+F) 
~ ((A + B)C + D(E+F) 

((A+B)C + D\(E + F) 


logic diagram. 








(a) Final output expression is obtained after several Boolean steps. 









OR 
Bubble cancels bar | 
B (A+B)C+D,-~ Bubble 
cancels bar 


(A+ B)C + D\E+F) 











Bubble adds bar to C E 
== AND 
a E+ F Bubble 
cancels 
bar 


AND 


OR 


(b) Output expression can be obtained directly from the function of each gate symbol in the diagram. 


— a er ee ee a a a Sr ea 
| EXAMPLE 5-9 
Using appropriate dual symbols, redraw the logic diagram and develop the output 


expression for the circuit in Figure 5—27. 


» FIGURE 5-27 





Solution Redraw the logic diagram with the equivalent negative-AND symbols as shown in 
Figure 5—28. Writing the expression for X directly from the indicated operation of 
each gate, 


X = (AB + C)(DE + F) 


» FIGURE 5-28 











X = (AB + C\(DE + F) = (AB + C\(DE + F) 





Related Problem Prove that the output of the NOR circuit in Figure 5—27 is the same as for the circuit in 
Figure 5—28. 
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| [secrion 5-4 gesiehs 82 Steedk Cah 
| PREVIEW 1. Implement the expression X = (A + B + C)DE by using NAND logic. 


2. Implement the expression X = ABC + (D + E) with NOR logic. | 


525) Locic CIRCUIT OPERATION WITH PULSE WAVEFORM INPUTS 


Several examples of general combinational logic circuits with pulse waveform inputs 
are examined in this section. Keep in mind that the operation of each gate is the same 
for pulse waveform inputs as for constant-level inputs. The output of a logic circuit at 
any given time depends on the inputs at that particular time, so the relationship of the 
time-varying inputs is of primary importance. 


After completing this section, you should be able to 


= Analyze combinational logic circuits with pulse waveform inputs ™ Develop a 
timing diagram for any given combinational logic circuit with specified inputs 


The operation of any gate is the same regardless of whether its inputs are pulsed or con- 
stant levels. The nature of the inputs (pulsed or constant levels) does not alter the truth table 
of a circuit. The examples in this section illustrate the analysis of combinational logic cir- 
cuits with pulse waveform inputs. 

The following is a review of the operation of individual gates for use in analyzing com- 
binational circuits with pulse waveform inputs: 


1. 


The output of an AND gate is HIGH only when all inputs are HIGH at the same 
time. 


. The output of an OR gate is HIGH only when at least one of its inputs is HIGH. 


. The output of a NAND gate is LOW only when all inputs are HIGH at the same time. 


The output of a NOR gate is LOW only when at least one of its inputs is HIGH. 





| EXAMPLE 5-10 
Determine the final output waveform X for the circuit in Figure 5—29, with input 


waveforms A, B, and C as shown. 


X 
Inputs B | | | | | | B 


X =A(B + C)=AB+AC 


& FIGURE 5-29 
eee i ee en eee 
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Solution The output expression, AB + AC, indicates that the output X is LOW when both A 
and B are HIGH or when both A and C are HIGH or when all inputs are HIGH. The 
output waveform X is shown in the timing diagram of Figure 5—29. The intermediate 


waveform Y at the output of the OR gate is also shown. 


Related Problem Determine the output waveform if input A 1s a constant HIGH level. 





EXAMPLE 5-11 
Draw the timing diagram for the circuit in Figure 5-30 showing the outputs of G;, Gp, 
and G3 with the input waveforms, A, and B, as indicated. 


X=AB+AB 





4& FIGURE 5-30 


Solution When both inputs are HIGH or when both inputs are LOW, the output X is HIGH as 
shown in Figure 5—31. Notice that this is an exclusive-NOR circuit. The intermediate 
outputs of gates G, and G; are also shown in Figure 5—31. 


A FIGURE 5-31 


Related Problem Determine the output X in Figure 5—30 if input B is inverted. 


fexampce 5-12 *- are 


Determine the output waveform X for the logic circuit in Figure 5—32(a) by first 
finding the intermediate waveform at each of points Y 1, Ya, Y3, and Y,. The input 
waveforms are shown in Figure 5—32(b). 
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» FIGURE 5-32 | 
f 7 
| 


(a) 


(b) 








(c) 


Solution A\ll the intermediate waveforms and the final output waveform are shown in the timing 
diagram of Figure 5—32(c). 


Related Problem Determine the waveforms Y,, Y>, Y3, Y, and X if input waveform A is inverted. 





fexampue 5-13 | 
Determine the output waveform X for the circuit in Example 5—12, Figure 5—32(a), 


directly from the output expression. 


Solution The output expression for the circuit is developed in Figure 5—33. The SOP form 
indicates that the output is HIGH when A is LOW and C is HIGH or when B is LOW 
and C is HIGH or when C is LOW and D is HIGH. 








X=(A + B)C + CD=(A+B)C+CD=AC+BC+CD 





4 FIGURE 5-33 
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The result is shown in Figure 5—34 and is the same as the one obtained by the 
intermediate-waveform method in Example 5—12. The corresponding product terms 
for each waveform condition that results in a HIGH output are indicated. 


A FIGURE 5-34 


Related Problem Repeat this example if all the input waveforms are inverted. 


| | SECTION 5-5 
| PREVIEW 1. One pulse with ty = 50 ps is applied to one of the inputs of an exclusive-OR circuit. 


A second positive pulse with ty, = 10 ps is applied to the other input beginning 15 ps 
after the leading edge of the first pulse. Show the output in relation to the inputs. 


2. The pulse waveforms A and B in Figure 5—29 are applied to the exclusive-NOR 
circuit in Figure 5-30. Develop a complete timing diagram. 





COMBINATIONAL LOGIC WITH VHDL (optional) 


The purpose of describing logic using VHDL is so that it can be programmed into a 
PLD. The data flow approach to writing a VHDL program was described in Chapter 4. 
In this optional section, both the data flow approach using Boolean expressions and the 
structural approach are used to develop VHDL code for describing logic circuits. The 
VHDL component is introduced and used to illustrate structural descriptions. Some 
aspects of software development tools are discussed. 


After completing this section, you should be able to 


= Describe a VHDL component and discuss how it is used in a program ® Apply the 
structural approach and the data flow approach to writing VHDL code ® Describe two 
basic software development tools 


‘Structural Approach to VHDL Programming 


The structural approach to writing a VHDL description of a logic function can be compared 
to installing IC devices on a circuit board and interconnecting them with wires. With the 
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structural approach, you describe logic functions and specify how they are connected to- 
gether. The VHDL component is a way to predefine a logic function for repeated use in a 
program or in other programs. The component can be used to describe anything from a sim- 
ple logic gate to a complex logic function. The VHDL signal can be thought of as a way to 
specify a “wire” connection between components. 

Figure 5—35 provides a simplified comparison of the structural approach to a hardware 
implementation on a circuit board. 


Inputs defined in port statement 








Interconnections 
Signals 






IC Device A VHDL 


component 








VHDL 
component 





IC Device C 







VHDL 


component Output defined 
in port statement 


IC Device B 





(a) Hardware implementation with fixed-function logic (b) VHDL structural implementation 


& FIGURE 5-35 
Simplified comparison of the VHDL structural approach to a hardware implementation. The VHDL 
signals correspond to the interconnections on the circuit board, and the VHDL components 


correspond to the IC devices. 


VHDL Components 


A VHDL component describes predefined logic that can be stored as a package declaration 
in a VHDL library and called as many times as necessary in a program. You can use com- 
ponents to avoid repeating the same code over and over within a program. For example, you 
can create a VHDL component for an AND gate and then use it as many times as you wish 
without having to write a program for an AND gate every time you need one. 

VHDL components are stored and are available for use when you write a program. This 
is similar to having, for example, a storage bin of ICs available when you are constructing 
a circuit. Every time you need to use one in your circuit, you reach into the storage bin and 
place it on the circuit board. 

The VHDL program for any logic function can become a component and used whenever 
necessary in a larger program with the use of a component declaration of the following gen- 
eral form. Component is a VHDL keyword. 


component name_of_component is 
port (port definitions); 


end component name_of_component; 


For simplicity, let’s assume that there are predefined VHDL data flow descriptions of a 
2-input AND gate with the entity name AND_gate and a 2-input OR gate with the entity 
name OR_ gate, as shown in Figure 5—36. 

Next, assume that you are writing a program for a logic circuit that has several 
AND gates. Instead of rewriting the program in Figure 5-36 over and over, you can use 
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» FIGURE 5-36 

Predefined programs for a 2-input 
AND gate and a 2-input OR gate to 
be used as components in the data 
flow approach. 


entity AND_gate is 
port (A, B: in bit; X: out bit); 


A =D end entity AND_ gate; 
xX 
B 


architecture ANDfunction of AND_ gate is 
begin 
X <=Aand B; 
2-input AND gate end architecture ANDfunction; 


entity OR_gate is 
port (A, B: in bit; X: out bit); 


A _)>- end entity OR_gate; 
X 
B architecture ORfunction of OR_gate is 
begin 


X <=AorB; 
2-input OR gate end architecture ORfunction; 


a component declaration to specify the AND gate. The port statement in the component 
declaration must correspond to the port statement in the entity declaration of the AND 
gate. 


component AND_ gate is 
port (A, B: in bit; X: out bit); 


end component AND_ gate; 


Using Components in a Program To use a component in a program, you must write a 
component instantiation statement for each instance in which the component is used. You 
can think of a component instantiation as a request or call for the component to be used in 
the main program. For example, the simple SOP logic circuit in Figure 5—37 has two AND 
gates and one OR gate. Therefore, the VHDL program for this circuit will have two com- 
ponents and three component instantiations or calls. 


» FIGURE 5-37 IN] 
[IN2 


OUT3 


[N3 
(N4 OUT2 





Signals In VHDL, signals are analogous to wires that interconnect components on a cir- 
cuit board. The signals in Figure 5—37 are named OUT 1 and OUT2. Signals are the internal 
connections in the logic circuit and are treated differently than the inputs and outputs. 
Whereas the inputs and outputs are declared in the entity declaration using the port state- 
ment, the signals are declared within the architecture using the signal statement. Signal is 
a VHDL keyword. 


The Program The program for the logic in Figure 5—37 begins with an entity declaration 
as follows: 
--Program for the logic circuit in Figure 5—37 
entity AND_OR_Logic is 
port (INI, IN2, IN3, IN4: in bit; OUT3: out bit): 
end entity AND_OR_Logic; 
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The architecture declaration contains the component declarations for the AND gate and 
the OR gate, the signal definitions, and the component instantiations. 


architecture LogicOperation of AND_OR_Logic is 
component AND_ gate is Component declaration for 
8 : the AND gate 
port (A, B: in bit); X: out bit); 


end component AND_gate; 


component OR_gate is Component declaration for 
| : the OR gate 
port (A, B: in bit; X: out bit); 


end component OR_ gate; 


signal OUT1, OUT2: bit; <____——-— Signal declaration 
begin 
G1: AND_gate port map (A => IN1, B => IN2, X => OUT1); 


G2: AND_gate port map (A => IN3, B => IN4, X => OUT2); <—_— Component 


L- instantiations 
G3: OR_gate port map (A => OUT1, B => OUT2, X => OUT3); 


end architecture LogicOperation; 


Component Instantiations Let’s look at the component instantiations. First, notice that 
the component instantiations appear between the keyword begin and the end statement. For 
each instantiation an identifier is defined, such as Gl, G2, and G3 in this case. Then the 
component name is specified. The port map essentially makes all the connections for the 
logic function using the operator =>. For example, the first instantiation, 


G1: AND_gate port map (A => IN1, B => IN2, X => OUT1); 


can be explained as follows: Input A of AND gate G1 is connected to input INI, input B of the 
gate is connected to input IN2, and the output X of the gate is connected to the signal OUT. 

The three instantiation statements together completely describe the logic circuit in 
Figure 5—37, as illustrated in Figure 5—38. 


@ FIGURE 5-38 


on, Illustration of the instantiation 
statements and port mapping 
applied to the AND-OR logic. 
X => OUT3 Signals are shown in red. 






OUT2 


B => OUT2 


Although the data flow approach using Boolean expressions would have been easier and 
probably the best way to describe this particular circuit, we have used this simple circuit to 
explain the concept of the structural approach. Example 5—14 compares the structural and 
data flow approaches to writing a VHDL program for an SOP logic circuit. 
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EXAMPLE 5-14 


Write a VHDL program for the SOP logic circuit in Figure 5—39 using the structural 
approach. Assume that VHDL components for a 3-input NAND gate and for a 2-input 
NAND are available. Notice the NAND gate G4 is shown as a negative-OR. 


» FIGURE 5-39 
INI 
IN2 
IN3 


IN4 
INS 
IN6 


IN7 





IN8 


Solution The components and component instantiations are highlighted. 
--Program for the logic circuit in Figure 5—39 
entity SOP_Logic is 
port (IN1, IN2, IN3, IN4, INS, IN6, IN7, IN8: in bit; OUT4: out bit); 
end entity SOP_Logic; 
architecture LogicOperation of SOP_Logic is 
-- component declaration for 3-input NAND gate 
component NAND_ gate3 is 
port (A, B, C: in bit X: out bit); 
end component NAND_ gate3; 
-- component declaration for 2-input NAND gate 
component NAND_ gate? is 
port (A, B: in bit; X: out bit); 
end component NAND_ gate; 


signal OUT1, OUT2, OUTS: bit; 
begin 
G1: NAND_gate3 port map (A => IN1, B => IN2, C => IN3, X => OUT1); 
G2: NAND_gate3 port map (A => IN4, B => IN5, C => IN6, X => OUT2); 
G3: NAND_ gate2 port map (A => IN7, B => IN8, X => OUT3); 
G4: NAND_ gate3 port map (A => OUT1, B => OUT2, C => OUT3, X => OUT4); 


end architecture LogicOperation; 


For comparison purposes, let’s write the program for the logic circuit in Figure 5-39 
using the data flow approach. 


entity SOP_Logic is 


port (IN1, IN2, IN3, IN4, INS, IN6, IN7, IN8: in bit; OUT4: out bit); 
end entity SOP_Logic; 
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architecture LogicOperation of SOP_Logic is 
begin | 
OUT4 <= (IN1 and IN2 and IN3) or (IN4 and INS and IN6) or (IN7 and IN8); 


end architecture LogicOperation; 


As you can see, the data flow approach results in a much simpler code for this 
particular logic function. However, in situations where a logic function consists of 
many blocks of complex logic, the structural approach might have an advantage over 
the data flow approach. | 


Related Problem If another NAND gate is added to the circuit in Figure 5—39 with inputs IN9 and IN10, | 
write a component instantiation to add to the program. Specify any other necessary | 
changes in the program as a result. 


Applying Software Development Tools 


As you have learned, a software development package must be used to implement an 
HDL design in a target device. Once the logic has been described using an HDL and en- 
tered via a software tool called a code or text editor, it can be tested using a simulation 
to verify that it performs properly before actually programming the target device. Us- 
ing software development tools allows for the design, development, and testing of com- 
binational logic before it is committed to hardware. Software development tools are 
explored further in Chapter 11. 

Typical software development tools allow you to input VHDL code on a text-based ed- 
itor specific to the particular development tool that you are using. The VHDL code for a 
combinational logic circuit has been written using a generic text-based editor for illustra- 
tion and appears on the computer screen as shown in Figure 5-40. As shown, many code 
editors provide enhanced features such as the highlighting of keywords. 


| File Edit View Project Assignments Processing Tools Window 


entity Combinational is 
port ( A, B, C, D: in bit; X, Y: out bit ); 
end entity Combinational; 


architecture Example of Combinational is 
begin 

X <= (AandB) or not C; 

Y <=C or not D; 
end architecture Example; 





& FIGURE 5-40 


A VHDL program for a combinational logic circuit after entry on a generic text editor screen that is 
part of a software development tool. 


After the program has been written into the text editor, it is passed to the compiler. The 
compiler takes the high-level VHDL code and converts it into a file that can be downloaded 
to the target device. Once the program has been compiled, you can create a simulation for 
testing. Simulated input values are inserted into the logic design and allow for verification 
of the output(s). 
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You specify the input waveforms on a software tool called a waveform editor, as shown 
in Figure 5-41. The output waveforms are generated by a simulation of the VHDL code 
that you entered on the text editor in Figure 5-40. The waveform simulation provides the 
resulting outputs X and Y for the inputs A, B, C, and D in all sixteen combinations from 


0000,to111 15. 
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A FIGURE 5-41 


A typical waveform editor tool showing the simulated waveforms for the logic circuit described by the 
VHDL code in Figure 5—40. 


Recall from Chapter 3 that there are several performance characteristics of logic circuits 
to be considered in the creation of any digital system. Propagation delay, for example, de- 
termines the speed or frequency at which a logic circuit can operate. A timing simulation 
can be used to mimic the propagation delay through the logic design in the target device. 


| [SECTION 5-6 
| REVIEW 1. What is a VHDL component? 


2. State the purpose of a component instantiation in a program architecture. 
3. How are interconnections made between components in VHDL? 


| 4. The use of components in a VHDL program represents what approach? 


1527 TROUBLESHOOTING 


The preceding sections have given you some insight into the operation of combinational 
logic circuits and the relationships of inputs and outputs. This type of understanding is 
essential when you troubleshoot digital circuits because you must know what logic 
levels or waveforms to look for throughout the circuit for a given set of input conditions. 


In this section, an oscilloscope is used to troubleshoot a fixed-function logic circuit 
when a gate output is connected to several gate inputs. Also, an example of signal 
tracing and waveform analysis methods is presented using a scope or logic analyzer for 
locating a fault in a combinational logic circuit. 





After completing this section, you should be able to 


= Define a circuit node ® Use an oscilloscope to find a faulty circuit node = Use an 
oscilloscope to find an open gate output ® Use an oscilloscope to find a shorted gate 
input or output ™ Use an oscilloscope or a logic analyzer for signal tracing ina 
combinational logic circuit 
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In a combinational logic circuit, the output of one gate may be connected to two or more 
gate inputs as shown in Figure 5—42. The interconnecting paths share a common electrical 


point known as a node. 


‘ving 9: < FIGURE 5-42 
Driving gate Node Load gates 
Ne Illustration of a node in a logic 


circuit. 





Gate G, in Figure 5—42 is driving the node, and the other gates represent loads connected 
to the node. A driving gate can drive a number of load gate inputs up to its specified fan- 
out. Several types of failures are possible in this situation. Some of these failure modes are 
difficult to isolate to a single bad gate because all the gates connected to the node are af- 
fected. Common types of failures are the following: 


1. Open output in driving gate. This failure will cause a loss of signal to all load gates. 


2. Open input in a load gate. This failure will not affect the operation of any of the 
other gates connected to the node, but it will result in loss of signal output from 


the faulty gate. 


3. Shorted output in driving gate. This failure can cause the node to be stuck in the 
LOW state (short to ground) or in the HIGH state (short to Vcc). 


4. Shorted input in a load gate. This failure can also cause the node to be stuck in 
the LOW state (short to ground) or in the HIGH state (short to Vcc). 


Troubleshooting Common Faults 


Open Output in Driving Gate In this situation there is no pulse activity on the node. With 
circuit power on, an open node will normally result in a “floating” level, which is often in- 
dicated by noise, as illustrated in Figure 5—43. 


a ee 






When troubleshooting logic circuits, begin with a visual check, looking for obvious 
problems. In addition to components, visual inspection should include connectors. 
Edge connectors are frequently used to bring power, ground, and signals to a circuit 
board. The mating surfaces of the connector need to be clean and have a good me- 
chanical fit. A dirty connector can cause intermittent or complete failure of the cir- | 
cuit. Edge connectors can be cleaned with a common pencil eraser and wiped clean 
with a Q-tip soaked in alcohol. Also, all connectors should be checked for loose- 
fitting pins. | 
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There are pulses on 
the gate input with 
the other input HIGH. 


Scope indicates no pulse activity 
at any point on the node. Scope 
may indicate "floating" level. 





Output of this gate 
in ICI is open 


7T4AHCOO 
7T4AHCOO 





74AHCOO pin diagram 


ae ae If there is no pulse activity at the gate output pin on [C1, there is an internal open. If 


there is pulse activity directly on the output pin but not on the node interconnections, 
the connection between the pin and the board is open. 
& FIGURE 5-43 


Open output in driving gate. For simplicity, assume a HIGH is on one gate input. 


Pin 4 input of this 
gate in [C2 is open 
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74AHCOO pin diagram 
from data sheet HIGH 
Check the output pin of each gate connected to the node with other gate inputs HIGH. 
No pulse activity on an output indicates an open gate input or open gate output. 


A FIGURE 5-44 
Open input in a load gate. 


Open Input in a Load Gate If the check for an open driver output is negative, then a check 
for an open input in a load gate should be performed. Apply the logic pulser tip to the node with 
all nonpulsed inputs HIGH. Then check the output of each gate for pulse activity with the logic 
probe, as illustrated in Figure 544. If one of the inputs that is normally connected to the node 
open, no pulses will be detected on that gate’s output. 


Output or Input Shorted to Ground When the output is shorted to ground in the driving gate 
or the input to a load gate is shorted to ground, it will cause the node to be stuck LOW, as pre- 
viously mentioned. A quick check with a scope probe will indicate this, as shown in Figure 
5-45. A short to ground in the driving gate’s output or in any load gate input will cause this 
symptom, and further checks must therefore be made to isolate the short to a particular gate. 





There is a LOW level at all 
points connected to the node. 
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Signal Tracing and Waveform Analysis 


Although the methods of isolating an open or a short at a node point are very useful from 
time to time, a more general troubleshooting technique called signal tracing is of value in 
just about every troubleshooting situation. Waveform measurement is accomplished with 
an oscilloscope or a logic analyzer. 

Basically, the signal tracing method requires that you observe the waveforms and their 
time relationships at all accessible points in the logic circuit. You can begin at the inputs 
and, from an analysis of the waveform timing diagram for each point, determine where an 
incorrect waveform first occurs. With this procedure you can usually isolate the fault to a 
specific gate. A procedure beginning at the output and working back toward the inputs can 
also be used. 

The general procedure for signal tracing starting at the inputs is outlined as follows: 


» Within a system, define the section of logic that is suspected of being faulty. 


» Start at the inputs to the section of logic under examination. We assume, for this dis- 
cussion, that the input waveforms coming from other sections of the system have 
been found to be correct. 


» For each gate, beginning at the input and working toward the output of the logic cir- 
cuit, observe the output waveform of the gate and compare it with the input wave- 
forms by using the oscilloscope or the logic analyzer. 


» Determine if the output waveform is correct, using your knowledge of the logical 
operation of the gate. 


» If the output is incorrect, the gate under test may be faulty. Pull the IC containing 
the gate that is suspected of being faulty, and test it out-of-circuit. If the gate is 
found to be faulty, replace the IC. If it works correctly, the fault is in the external cir- 
cuitry or in another IC to which the tested one is connected. 


» If the output is correct, go to the next gate. Continue checking each gate until an in- 
correct waveform is observed. 
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“< FIGURE 5-45 


Shorted output in the driving gate or 
shorted input in a load gate. 
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Figure 5-46 is an example that illustrates the general procedure for a specific logic cir- 
cuit in the following steps: 


Step 1. Observe the output of gate G, (test point 5) relative to the inputs. If it is correct, 
check the inverter next. If the output is not correct, the gate or its connections 
are bad; or, if the output is LOW, the input to gate G, may be shorted. 


Step 2. Observe the output of the inverter (TP6) relative to the input. If it is correct, 
check gate G, next. If the output is not correct, the inverter or its connections 
are bad; or, if the output is LOW, the input to gate G, may be shorted. 


Step 3. Observe the output of gate G, (TP7) relative to the inputs. If it is correct, check 
gate G; next. If the output is not correct, the gate or its connections are bad; or, 
if the output is LOW, the input to gate G, may be shorted. 


Step 1 Step 2 Step 3 
CO If correct, go to step 2. C1 If correct, go to step 3. C If correct, go to step 4. 
C1 If incorrect, test IC2 and connections. CJ If incorrect, test IC] and connections. CJ If incorrect, test IC2 and connections. 


LYN S(@0y 
TZUN (Ql) 





TP6 | [tP7 
TPd 

TP9 
TP8 





Step 4 


Step of 
CZ If correct, go to step 5. 0 If correct, circuit is OK. 
CO If incorrect, test IC2 and connections. C1 If incorrect, test IC2 and connections. 


A FIGURE 5-46 





Example of signal tracing and waveform analysis in a portion of a printed circuit board. TP indicates 
test point. 


Step 4. 


Step 5. 


| EXAMPLE 5-15 
Determine the fault in the logic circuit of Figure 5—47(a) by using waveform analysis. 





(a) 
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Observe the output of gate G; (TP8) relative to the inputs. If it is correct, check 
gate G, next. If the output is not correct, the gate or its connections are bad; or, 
if the output is LOW, the input to gate G, (TP7) may be shorted. 


Observe the output of gate G, (TP9) relative to the inputs. If it is correct, the 
circuit is okay. If the output is not correct, the gate or its connections are bad. 






You have observed the waveforms shown in green in Figure 5—47(b). The red 
waveforms are correct and are provided for comparison. 


(b) 


A FIGURE 5-47 


Solution 1. Determine what the correct waveform should be for each gate. The correct 
waveforms are shown in red, superimposed on the actual measured waveforms, 
in Figure 5—47(b). 


2. Compare waveforms gate by gate until you find a measured waveform that does 
not match the correct waveform. 


In this example, everything tested is correct until gate G; is checked. The output 
of this gate is not correct as the differences in the waveforms indicate. An analysis 
of the waveforms indicates that if the D input to gate G; is open and acting as a 
HIGH, you will get the output waveform measured (shown in red). Notice that the 
output of G, is also incorrect due to the incorrect input from G3. 

Replace the IC containing G3, and check the circuit’s operation again. 


Related Problem For the inputs in Figure 5—47(b), determine the output waveform for the logic circuit 
(output of G,) if the inverter has an open output. 
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As you know, testing and troubleshooting logic circuits often require observing and com- 
paring two digital waveforms simultaneously, such as an input and the output of a gate, 
on a two-channel oscilloscope. For digital waveforms, the scope should always be set to 
DC coupling on each channel input to avoid “shifting” the ground level. You should de- 


termine where the 0 V level is on the screen for both channels. 

To compare the timing of the waveforms, the scope should be triggered from only one 
channel (don’t use vertical mode or composite triggering). The channel selected for trig- 
gering should always be the one that has the lowest frequency waveform, if possible. 





| SECTION 5-7 
REVIEW 


1. List four common internal failures in logic gates. 


2. One input of a NOR gate is externally shorted to +V¢¢. How does this condition 
affect the gate operation? 


3. Determine the output of gate G, in Figure 5—47(a), with inputs as shown in part (b), 
for the following faults: 





(a) one input to G, shorted to ground 


(b) the inverter input shorted to ground 


(c) an open output in G; 





DIGITAL SYSTEM 
APPLICATION 


In this digital system application, the 
digital control logic for controlling the 
fluid in a storage tank is developed. The 
purpose of the logic is to maintain an 
appropriate level of fluid by controlling 
the inlet and outlet valves. Also, the 


logic must control the temperature of 





! the fluid within a certain range and issue 
' an alarm if any of the level or 
| temperature sensors fail. 


! Basic System Operation 
| The outputs of the system control logic 


! control the fluid input, fluid output, and 
| fluid temperature. The control logic 


| flow into the tank until a high-level 


sensor is activated by being immersed in 


! fluid. When the high-level sensor is 
: immersed (activated), the control logic 


! closes the inlet valve. The fluid in the 


! tank must be maintained within a 


specified temperature range as 
determined by two temperature sensors. 


' One temperature sensor indicates when 
| the fluid is too hot, and the other 
! indicates when the fluid is too cold. The 


' control logic turns on a heating element if | 


Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 


the temperature sensors indicate the fluid 
is too cold. The control logic keeps the 
outlet valve open as long as the low-level 


' sensor is immersed and the fluid is at a 


! proper temperature. When the fluid level 


! drops below the low-level sensor, the 


: control logic closes the outlet valve. 


| operates an inlet valve that allows fluid to ; Operational Requirements 


' The maximum and minimum fluid levels 


| are determined by the positions of the 


level sensors in the tank. The output of 
each sensor is HIGH when it is immersed in 
the fluid and is LOW when not immersed. 
When the high-level sensor output is LOW, 
the control logic produces a HIGH and the 
inlet valve opens. When the high-level 


' sensor output is HIGH, the control logic 
| produces a LOW and the inlet valve closes. 


The fluid must be within a specified 


temperature range before the outlet valve 


» FIGURE 5-48 


Fluid storage tank with level and 
temperature sensors and controls. 


» TABLE 5-6 


Tank control logic inputs and 


Inlet valve 





Vin LET 


Control logic 
and interface 
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Low-level sensor 
ae Outlet valve 





VouTLET 


outputs. Variable Description Active level 
Ly High-level sensor HIGH (1) 
Ly Low-level sensor HIGH (1) 
Ty High-temp sensor HIGH (1) 
Te Low-temp sensor HIGH (J) 





eleme 


Oi) 10) (6.0) ane) E ere (é 


Comments 

Sensor is immersed 

Sensor is immersed 

Temperature too hot 


Temperature too cold 


OUTPUTS FROM CONTROL LOGIC 


Variable Description Active level 

VINLET Inlet valve HIGH (1) 

VoutLer Outlet valve HIGH (1) 

H Heating element HIGH (1) 
Alarm HIGH (1) 


Comments 
Valve open 
Valve open 


Heat on 


Sensor failure or too-hot condition | 





is opened. One sensor produces a HIGH 
when the temperature is too hot, and the 
other temperature sensor produces a 
HIGH when the temperature is too cold. 
The control logic produces a HIGH to turn 
on a heating element when a too-cold 
condition is indicated; otherwise, the 
heating element is turned off. When a 
too-hot condition is indicated, an alarm is | 
activated. 

When the low-level sensor produces a 
HIGH output (indicating that it is 
immersed) and when the output of both 


' temperature sensors are LOW (indicating a 
' correct temperature), the control logic 


| sensor output goes LOW or if either 
' temperature sensor outputs go LOW, the 


| the sensors or a too-hot condition, an 

: alarm is activated. A level-sensor failure is 
: indicated when the high-level sensor is 

| active and the low-level sensor is not 
active. A temperature-sensor failure is 

! indicated when both are active at the 


! opens the outlet valve. If the low-level 


: control logic closes the outlet valve. 


If the control detects a failure in any of ! 


: same time. Figure 5-48 shows the tank 
: control system. 


The system inputs and outputs are 


. summarized in Table 5—6, and the truth 
' table is shown in Table 5-7. 


Design of the Control Logic 


! There are four separate outputs: one for 

‘ the inlet valve, one for the outlet valve, 

' one for the heater, and one for the alarm. 
| We will approach the design as four 

| separate logic circuits. 


280 = COMBINATIONAL LOGIC ANALYSIS 


TABLE 5-7 


Truth table for tank control logic. 






INPUTS OUTPUTS : 
Ty VINLET VouTLet COMMENTS _ 











Lu L, Tc H A 

0 0 0 0 0 0 0 Fill/heat off 

0 0 0 1 1 0 ] 0 Fill/heat on 

0 0 ] 0 1 0 0 i Fill/heat off/alarm 

0 0 1 ] 0 0 0 l Temp sensor fault/alarm 

0 1 0 0 i 1 0 0 Fill and drain/heat off 

0 i 0 i i 0 ] 0 Fill/heat on 

0 | 1 0 ] 0 0 Fill/heat off/alarm 

0 1 1 ] 0 0 0 l Temp sensor fault/alarm 

i 0 0 0 0 0 0 l Level sensor fault/alarm 

1 0 0 1 0 ) 0 Il Level sensor fault/alarm 

i 0 1 0 0 0 0 i Level sensor fault/alarm 

] 0 ] i 0 0 0 Multiple sensor fault/alarm 
1 1 @) 0 0 1 0 0 Drain/heat off 
] ] 0 i 0 0 1 0 Heat on 

] i ] 0 0 0 0 i Heat off/alarm 

1 ] | 1 0 0 0 1 Temp sensor fault/alarm 






FIGURE 5-49 


Karnaugh map simplification and 
implementation for the inlet valve 





logic. 
VINLET 
Viner = Luly + Lut c 
(a) Map for Vinper (b) Logic circuit 
Inlet Valve Logic Let's begin by de- The input variables, L,,, L,, Ty,and7T¢ | ~The resulting SOP expression for the inlet 
signing the logic circuit for the inlet ! are map variables and the states of Viner ! valve logic results in the NAND 
valve. The output of this logic circuit is | are plotted and grouped as shown in | implementation shown in part (b). 
the variable Viner. The first step is to | Figure 5—49(a). The 0s on the map are for 
transfer the data from the truth table to | the input conditions when the inlet valve ! Outlet Valve Logic Next, let's design the 
a Karnaugh map and develop an SOP ! is closed, and the 1s are for the input | logic circuit for the outlet valve. The output 


expression. ' conditions when the inlet valve is open. of this logic circuit is the variable Vourier. 


» FIGURE 5-50 
Karnaugh map simplification and 
implementation for the outlet valve 


logic. 


(a) Map for Voutier 


Again, the first step is to transfer the data 
from the truth table to a Karnaugh map 
and develop an SOP expression. 

The input variables, Ly, Ly, Ty, and Tc 
are map variables and the states of Voutier 
are plotted and grouped as shown in 
Figure 5—50(a). The Os on the map are for 
the input conditions when the outlet 


valve is closed, and the 1s are for the input 


conditions when the valve is open. The 
resulting SOP expression for the outlet 
valve logic results in the NAND 
implementation shown in part (b). 


VHDL Code for the Inlet 


and Outlet Valve Logic (optional) 


A single entity and architecture describes 
the inlet valve logic and the outlet valve 
logic using the data flow approach as the 
program shows. 


entity TankControl is 


port (LL, LH, TH, TC in bit; Vinlet, 
Voutlet: out bit); 


end entity TankControl; 
architecture ValveLogic of TankControl is 
begin 
Vinlet <= (not LH and not TH) or 
(not LH and not TC); 


Voutlet <= LL and not TH and not TC; 


end architecture ValveLogic; 


The inlet and outlet valve logic has 


been designed and the VHDL code has 





ee ee ee 
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VoOUTLET 


(b) Logic circuit 





A photo of a storage tank mock-up in the electronics lab at Yuba College in California. The control 
logic has been programmed into a PLD on a development board and is connected to the tank 
fixtures to control the filling and emptying of the tank. Photo courtesy of Doug Joksch 


been written. Now it’s your turn to 
complete the remaining control logic 
design for the heater control and the 


; alarm and to write the VHDL program to 
: implement the logic in a target device. 


System Assignment 


= Activity 1 Using Table 5-7 and the 
Karnaugh map method, design the 
logic for controlling the heating 
element in the tank. Use NAND gates 


and inverters to implement the 


circuit. 


® Activity 2 Design the logic for 


activating the alarm. 


® Activity 3 Combine the logic for each 


of the four tank control functions into a 
complete logic diagram. 


Optional Activity Write the VHDL entity 
and architecture for the complete logic by 
modifying the code previously developed 
for the inlet and outlet valve logic. 
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SUMMARY 


= AND-OR logic produces an output expression in SOP form. 





= AND-OR-Invert logic produces a complemented SOP form, which is actually a POS form. 


= The operational symbol for exclusive-OR is ©. An exclusive-OR expression can be stated in 
two equivalent ways: 


AB + AB=A®B 
= To do an analysis of a logic circuit, start with the logic circuit, and develop the Boolean output 
expression or the truth table or both. 


= Implementation of a logic circuit is the process in which you start with the Boolean output 
expressions or the truth table and develop a logic circuit that produces the output function. 


= All NAND or NOR logic diagrams should be drawn using appropriate dual symbols so that 
bubble outputs are connected to bubble inputs and nonbubble outputs are connected to 
nonbubble inputs. 


= When two negation indicators (bubbles) are connected, they effectively cancel each other. 


= A VHDL component is a predefined logic function stored for use throughout a program or in 
other programs. 


= A component instantiation is used to call for a component in a program. 


= A VHDL signal effectively acts as an internal interconnection in a VHDL structural 
description. 


KEY TERN So Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Component A VHDL feature that can be used to predefine a logic function for multiple use through- 
out a program or programs. 


Negative-AND The dual operation of a NOR gate when the inputs are active-LOW. 

Negative-OR The dual operation of a NAND gate when the inputs are active-LOW. 

Node A common connection point in a circuit in which a gate output is connected to one or more gate 
inputs. 

Signal A waveform; a type of VHDL object that holds data. 


Signal tracing A troubleshooting technique in which waveforms are observed in a step-by-step man- 
ner beginning at the input and working toward the output or vice versa. At each point the observed 
waveform is compared with the correct signal for that point. 


Universal gate Either a NAND gate or a NOR gate. The term universal refers to the property of a 
gate that permits any logic function to be implemented by that gate or by a combination of gates of 
that kind. 


PSEUE_-TEST Answers are at the end of the chapter. 


1. The output expression for an AND-OR circuit having one AND gate with inputs A, B, C, and 
D and one AND gate with inputs E and F is 


(a) ABCDEF (IDATB+C+ DEE t+ FF 
(O(A+ B+ O+ DE +P) (d) ABCD + EF 
2. A logic circuit with an output X = ABC + AC consists of 
(a) two AND gates and one OR gate 
(b) two AND gates, one OR gate, and two inverters 


10. 


11. 


(c) two OR gates, one AND gate, and two inverters 
(d) two AND gates, one OR gate, and one inverter 
To implement the expression ABCD + ABCD + ABCD, it takes one OR gate and 
(a) one AND gate 

(b) three AND gates 

(c) three AND gates and four inverters 

(d) three AND gates and three inverters 

The expression ABCD + ABCD + ABCD 

(a) cannot be simplified 

(b) can be simplified to ABC + AB 

(c) can be simplified to ABCD + ABC 

(d) None of these answers is correct. 


The output expression for an AND-OR-Invert circuit having one AND gate with inputs, A, B, 
C, and D and one AND gate with inputs EF and F is 


(a) ABCD + EF 

bA+Bt+Ct+Dt+E+F 

(c) (A +B+C+4+D)\(E + F) 
(d)(A+B+C+D)(E + F) 

An exclusive-OR function is expressed as 

(a) AB + AB (b) AB + AB 
(c)(A+B)(A+B) (d)(A+B)+ (A+B) 
The AND operation can be produced with 

(a) two NAND gates (b) three NAND gates 





(c) one NOR gate (d) three NOR gates 
The OR operation can be produced with 
(a) two NOR gates (b) three NAND gates 


(c) four NAND gates (d) both answers (a) and (b) 
When using dual symbols in a logic diagram, 

(a) bubble outputs are connected to bubble inputs 

(b) the NAND symbols produce the AND operations 
(c) the negative-OR symbols produce the OR operations 
(d) All of these answers are true. 

(e) None of these answers is true. 

All Boolean expressions can be implemented with 

(a) NAND gates only 

(b) NOR gates only 

(c) combinations of NAND and NOR gates 

(d) combinations of AND gates, OR gates, and inverters 
(e) any of these 

A VHDL component 

(a) can be used once in each program 

(b) is a predefined description of a logic function 

(c) can be used multiple times in a program 

(d) is part of a data flow description 


(e) answers (b) and (c) 
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12. 


A component is called for use in a program by using a 
(a) signal 

(b) variable 

(c) component instantiation 


(d) architecture declaration 


/PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


Basic Combinational Logic Circuits 


SECTION 5-1 


(a) 


(a) 


(d) 


1. 


Draw the ANSI distinctive shape logic diagram for a 3-wide, 4-input AND-OR-Invert circuit. 
Also draw the ANSI standard rectangular outline symbol. 


Write the output expression for each circuit in Figure 5—51. 


3. Write the output expression for each circuit as it appears in Figure 5—52. 


A 
B 
C X 
xX 
D 
(b) 
A FIGURE 5-51 
A A 
Xx 
B 
X B 
(b) (c) 
A 
1 B 
B 
X 
x 
. 
‘és 
(e) (f) 


A FIGURE 5-52 


. Write the output expression for each circuit as it appears in Figure 5—53 and then change each 


circuit to an equivalent AND-OR configuration. 


5. Develop the truth table for each circuit in Figure 5—52. 
6. Develop the truth table for each circuit in Figure 5—53. 
7. Show that an exclusive-NOR circuit produces a POS output. 


D 
(a) 
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D 
(b) 


io 


D 
(d) 


4 FIGURE 5-53 


SECTION 5-2 Implementing Combinational Logic 


8. 


10. 


Use AND gates, OR gates, or combinations of both to implement the following logic 
expressions as stated: 


(a) X= AB 

(b) X=A+B 

(c) X=AB+C 

(d) X=ABC+D 

(e) X=A+Bt+C 

(f) X=ABCD 

(g) X = A(CD + B) 

(h) X = AB(C + DEF) + CEA+B+ F) 


Use AND gates, OR gates, and inverters as needed to implement the following logic 
expressions as stated: 


(a) X = AB + BC (b) X = A(B + C) 
(c) X = AB + AB (d) X = ABC + B(EF + G) 
(e) X= A[BCA+B+C+D)] (f) X = B(CDE + EFG)(AB + C) 


Use NAND gates, NOR gates, or combinations of both to implement the following logic 
expressions as stated: 


(a) X = AB + CD + (A + B)(ACD + BE) 
(b) X = ABCD + DEF + AF 
(c) X= A[B + C(D + E)] 
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11. Implement a logic circuit for the truth table in Table 5-8. 


vY TABLE 5-8 





INPUTS OUTPUT 





FF OOF Fe OS CO FS 
fe OF OF o + © Ie 


12. Implement a logic circuit for the truth table in Table 5-9. 


v TABLE 5-9 


INPUTS OUTPUT 
X 


eek) pee ee SO ee ee ee | OO SO OS 
—_~—- CO OF Ff F& CO CO Ff - CO OF = F&F CO OC Re 
- Or Or Or Or Or Or CO kK CO EY 
beh GD OD 0 ith on ee cts eet SS et ee 


A 
0 
0 
0 
0 
0 
0 
0 
0 
1 
] 
] 
1 
1 
1 
1 
1 





13. Simplify the circuit in Figure 5—54 as much as possible, and verify that the simplified circuit is 
equivalent to the original by showing that the truth tables are identical. 


14. Repeat Problem 13 for the circuit in Figure 5-55. 


SECTION 5-3 


SECTION 5-4 


SECTION 5-5 


® FIGURE 5-56 


® FIGURE 5-57 


PROBLEMS ® 287 


A A 
B 
X 
C 
C X 


ee) 


A FIGURE 5-54 A FIGURE 5-55 


15. Minimize the gates required to implement the functions in each part of Problem 9 in 
SOP form. 


16. Minimize the gates required to implement the functions in each part of Problem 10 in 
SOP form. 


17. Minimize the gates required to implement the function of the circuit in each part of Figure 
5—53 in SOP form. 


The Universal Property of NAND and NOR Gates 

18. Implement the logic circuits in Figure 5—51 using only NAND gates. 
19. Implement the logic circuits in Figure 5—55 using only NAND gates. 
20. Repeat Problem 18 using only NOR gates. 

21. Repeat Problem 19 using only NOR gates. 


Combinational Logic Using NAND and NOR Gates 

22. Show how the following expressions can be implemented as stated using only NOR gates: 
(a) X = ABC (b) X = ABC (c) X=A+B 
(d) X=A+B+C (ec) X=AB+CD  (f) X=(A+B\(C+D) 
(g) X = AB[C(DE + AB) + BCE] 

23. Repeat Problem 22 using only NAND gates. 

24. Implement each function in Problem 8 by using only NAND gates. 


25. Implement each function in Problem 9 by using only NAND gates. 


Logic Circuit Operation with Pulse Waveform Inputs 
26. Given the logic circuit and the input waveforms in Figure 5—56, draw the output waveform. 


27. For the logic circuit in Figure 5—57, draw the output waveform in proper relationship to the 
inputs. 
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28. For the input waveforms in Figure 5-58, what logic circuit will generate the output 
waveform shown? 


>» FIGURE 5-58 4 TLS) r] Eaele r] © 
er = be oie. at ae et la 


29. Repeat Problem 28 for the waveforms in Figure 5—59. 


» FIGURE 5-59 A 2 ES Ee ed BS ae” te 


Inputs B 


C 


l 
Output X | | 


30. For the circuit in Figure 5-60, draw the waveforms at the numbered points in the proper 
relationship to each other. 


31. Assuming a propagation delay through each gate of 10 nanoseconds (ns), determine if the 
desired output waveform X in Figure 5—61 (a pulse with a minimum fy = 25 ns positioned as 
shown) will be generated properly with the given inputs. 





thy OQ & > 


A FIGURE 5-60 


real 100 ns pulse width 


me OQ we > 





25 ns minimum 


A FIGURE 5-61 


SECTION 5-6 Combinational Logic with VHDL (optional) 


32. Write a VHDL program using the data flow approach (Boolean expressions) to describe the 
logic circuit in Figure 5—51(b). 


33. Write VHDL programs using the data flow approach (Boolean expressions) for the logic 
circuits in Figure 5—52(e) and (f). 





SECTION 5-7 


34. 


33: 
36. 


ST. 


38. 


39. 
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Write a VHDL program using the structural approach for the logic circuit in Figure 5—53(d). 
Assume component declarations for each type of gate are already available. 


Repeat Problem 34 for the logic circuit in Figure 5—53(f). 


Describe the logic represented by the truth table in Table 5—8 using VHDL by first converting 
it to SOP form. 


Develop a VHDL program for the logic in Figure 5—64 (p. 290), using both the data flow and 
the structural approach. Compare the resulting programs. 


Develop a VHDL program for the logic in Figure 5—68 (p. 291), using both the data flow and 
the structural approach. Compare the resulting programs. 


Given the following VHDL program, create the truth table that describes the logic circuit. 


entity CombLogic is 
port (A, B, C, D: in bit; X: out bit); 
end entity CombLogic; 


architecture Example of CombLogic is 
begin 
X <= not((not A and not B) or (not A and not C) or (not A and not D) or 
(not B and not C) or(not B and not D) or (not D and not C)); 


end architecture Example; 


40. Describe the logic circuit shown in Figure 5-62 with a VHDL program, using the data flow 


>» FIGURE 5-62 


41. 


approach. 





Repeat Problem 40 using the structural approach. 


Troubleshooting 


42. For the logic circuit and the input waveforms in Figure 5—63, the indicated output waveform is 


» FIGURE 5-63 


observed. Determine if this is the correct output waveform. 
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43. The output waveform in Figure 5—64 is incorrect for the inputs that are applied to the circuit. 
Assuming that one gate in the circuit has failed, with its output either an apparent constant 
HIGH or a constant LOW, determine the faulty gate and the type of failure (output open or 
shorted). 


® FIGURE 5-64 





44. Repeat Problem 43 for the circuit in Figure 5—65, with input and output waveforms as shown. 


45. By examining the connections in Figure 5-66, determine the driving gate and load gate(s). 
Specify by device and pin numbers. 





A FIGURE 5-65 A FIGURE 5-66 


46. Figure 5—67(a) is a logic circuit under test. Figure 5—67(b) shows the waveforms as 
observed on a logic analyzer. The output waveform is incorrect for the inputs that are 
applied to the circuit. Assuming that one gate in the circuit has failed, with its output either 
an apparent constant HIGH or a constant LOW, determine the faulty gate and the type of 
failure. 


» FIGURE 5-67 





>» FIGURE 5-68 


> FIGURE 5-69 
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47. The logic circuit in Figure 5—68 has the input waveforms shown. 
(a) Determine the correct output waveform in relation to the inputs. 


(b) Determine the output waveform if the output of gate G; is open. 


(c) Determine the output waveform if the upper input to gate G; is shorted to ground. 





48. The logic circuit in Figure 5—69 has only one intermediate test point available besides the 
output, as indicated. For the inputs shown, you observe the indicated waveform at the test 
point. Is this waveform correct? If not, what are the possible faults that would cause it to 
appear as it does? 
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Digital System Application 
49. Implement the inlet valve logic in Figure 5—49(b) using NOR gates and inverters. 
50. Repeat Problem 49 for the outlet valve logic in Figure 5—50(b). 


51. Implement the heater logic and the alarm logic using NOR gates and inverters. 


Special Design Problems 


52. Design a logic circuit to produce a HIGH output only if the input, represented by a 4-bit binary 
number, is greater than twelve or less than three. First develop the truth table and then draw 
the logic diagram. 

53. Develop the logic circuit necessary to meet the following requirements: 


A battery-powered lamp in a room is to be operated from two switches, one at the back door 
and one at the front door. The lamp is to be on if the front switch is on and the back switch is 
off, or if the front switch is off and the back switch is on. The lamp is to be off if both switches 
are off or if both switches are on. Let a HIGH output represent the on condition and a LOW 
output represent the off condition. 


54. Design a circuit to enable a chemical additive to be introduced into the fluid through another 
inlet only when the temperature is not too cold or too hot and the fluid is above the high- 
level sensor. 


55. Develop the NAND logic for a hexadecimal keypad encoder that will convert each key closure 
to binary. 
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Multisim Troubleshooting Practice 


56. Open file PO5-56 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 





57. Open file PO5-57 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 

58. Open file P05-58 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 

59. Open file POS-59 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 





SECTION 5-1 _ Basic Combinational Logic Circuits 
1. (a) AB+ CD=1-:0+1-0= 1 (b) AB + CD= 1-1+0°1=0 


(c) AB + CD = 0-1 +1-1=0 
2. (a) AB+AB=1:0+1-0=1 } (b) AB+AB=1-14+1-1=0 
(c) AB+AB=0-1+0-1=1 #£(d) AB+AB=0:0+0:0=0 
3. X = 1 when ABC = 000, 011, 101, 110, and 111; X = 0 when ABC = 001, 010, and 100 


4. X = AB + AB; the circuit consists of two AND gates, one OR gate, and two inverters. See 
Figure 5—6(b) for diagram. 


SECTION 5-2 Implementing Combinational Logic 
1. (a) X = ABC + AB + AC: three AND gates, one OR gate 
(b) X = AB(C + DE): three AND gates, one OR gate 
2. X = ABC + ABC; two AND gates, one OR gate, and three inverters 
3. (a) X =AB(C + 1) +AC =AB+AC (b) X = AB(C + DE) = ABC + ABDE 


SECTION 5-3 _ The Universal Property of NAND and NOR Gates 
1. (a) X = A + B: a2-input NAND gate with A and B on its inputs. 


(b) X = AB: a 2-input NAND with A and B on its inputs, followed by one NAND used as an 
inverter. 


2. (a) X=A+Bz-a 2-input NOR with inputs A and B, followed by one NOR used as an 
inverter. 


(b) X = AB: a 2-input NOR with A and B on its inputs. 


SECTION 5-4 Combinational Logic Using NAND and NOR Gates 


1. X = (A + B + C)DE: a3-input NAND with inputs, A, B, and C, with its output connected to 
a second 3-input NAND with two other inputs, D and E 


2. X = ABC + (D + E): a3-input NOR with inputs A, B, and C, with its output connected to a 
second 3-input NOR with two other inputs, D and E 


SECTION 5-5 Logic Circuit Operation with Pulse Waveform Inputs 


1. The exclusive-OR output is a 15 us pulse followed by a 25 us pulse, with a separation of 10 us 
between the pulses. 


2. The output of the exclusive-NOR is HIGH when both inputs are HIGH or when both inputs 
are LOW. 
SECTION 5-6 Combinational Logic with VHDL (optional) 
1. A VHDL component is a predefined program describing a specified logic function. 


2. A component instantiation is used to call for a specified component in a program architecture. 
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3. Interconnections between components are made using VHDL signals. 


4. Components are used in the structural approach. 


SECTION 5-7 Troubleshooting 


» FIGURE 5-70 


>» FIGURE 5-71 


1. Common gate failures are input or output open; input or output shorted to ground. 
2. Input shorted to Vcc causes output to be stuck LOW. 
3. (a) G, output is HIGH until rising edge of seventh pulse, then it goes LOW. 

(b) G, output is the same as input D. 

(c) G, output is the inverse of the G, output shown in Figure 5-47(b). 





5-1 X =AB+AC+ BC 


5-2 X = AB + AC + BC 
IfA = OandB = 0,X = 0-0 + 0-1+0-1=0 
IfA = OandC = 0,X =0-1+0-0+1-:0=0 
If B = OandC = 0,X = 1-:0+ 1:0+ 0:0=0= 

5-3 Cannot be simplified 5-4 Cannot be simplified 

55 X=A+B+C + Dis valid. 

5-6 See Figure 5-70. 


| 
] 
l 


X=C(A+B)\(B+D) 


5-7 X = (ABC)(DEF) = (AB)C + (DE)F = (A+ B)C + (D+ E)F 
5-8 See Figure 5-71. 


A 
B 
: C 
( ee 
ABC + DE D ABC+D+E 
D 
e E 


(a) (b) 


5-9 X=(A+B+C)+(D+E+F) =(A+B+C)(D+E+F) =(AB+C)(DE+F) 
5-10 See Figure 5-72. 5-11 See Figure 5-73. 


AHIGH A | | 


& FIGURE 5-72 4 FIGURE 5-73 
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5-12 See Figure 5—74. 


A FIGURE 5-74 


5-13 See Figure 5-75. 


A FIGURE 5-75 


5-14 G5: NAND_gate2 port map (A => IN9, B => IN10, X => OUT4); 
5-15 See Figure 5—76. 


1. (d) 
9. (d) 


atey 


2... (BD) 
10. (e) 


3. (e) 
11. (e) 


4. (a) 
12. (c) 


5. (d) 


6. (b) 7. (a) 8. (d) 
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Troubleshooting 











a a coe Achdere Err Digital System Application 
»—2 Parallel Binary Adders 

Ripple Carry versus Look-Ahead Carry Adders CHAPTER OBJECTIVES 

Comparators Distinguish between half-adders and full-adders 
6-5 Decoders 


Use full-adders to implement multibit parallel binary adders 





Nncocers Explain the differences between ripple carry and look-ahead 


6-7 Code Converters carry parallel adders 


Multiplexers (Data Selectors) 





Use the magnitude comparator to determine the relationship 





6-7 Demultiplexers between two binary numbers and use cascaded comparators to 


Parity Generators/Checkers handle the comparison of larger numbers 








© Implement a basic binary decoder 
» Use BCD-to-7-segment decoders in display systems 


© Apply a decimal-to-BCD priority encoder in a simple keyboard 
application 


© Convert from binary to Gray code, and Gray code to binary by 
using logic devices 


~ Apply multiplexers in data selection, multiplexed displays, logic 
function generation, and simple communications systems 


© Use decoders as demultiplexers 
© Explain the meaning of parity 


» Use parity generators and checkers to detect bit errors in digital 
systems 


© Implement a simple data communications system 


© Identify glitches, common bugs in digital systems 


KEY TERMS 


Half-adder Encoder 

Full-adder Priority encoder 
Cascading Multiplexer (MUX) 
Ripple carry Demultiplexer (DEMUX) 
Look-ahead carry Parity bit 

Decoder Glitch 
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INTRODUCTION 


In this chapter, several types of combinational logic circuits 
are introduced including adders, comparators, decoders, 
encoders, code converters, multiplexers (data selectors), 
demultiplexers, and parity generators/checkers. Examples of 
fixed-function IC devices are included. 


__ FIXED-FUNCTION LOGIC DEVICES 


74XX42,—-74XX47— 74XX85 

74XX138 =74XX139)—-74XX147 
74XX148 = 74XX151— 74XX154 
74XX157—- 74XX280 = 74XXK283 





Ham DIGITAL SYSTEM APPLICATION PREVIEW 


The Digital System Application illustrates concepts from this 
chapter and deals with one portion of a traffic light control 
system. The system applications in Chapters 6, 7, and 8 focus 
on various parts of the traffic light control system. Basically, 
this system controls the traffic light at the intersection of a 
busy street and a lightly traveled side street. The system 
includes a combinational logic section to which the topics 
in this chapter apply, a timing circuit section to which 
Chapter 7 applies, and a sequential logic section to which 
Chapter 8 applies. 


VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


_http://www.prenhall.com/floyd 
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27) Basic ADDERS 





A half-adder adds two bits and 
produces a sum and a carry 


output. 





Equation 6-1 


FUNCTIONS OF COMBINATIONAL LOGIC 


Adders are important in computers and also in other types of digital systems in which 
numerical data are processed. An understanding of the basic adder operation is 
fundamental to the study of digital systems. In this section, the half-adder and the full- 
adder are introduced. 


After completing this section, you should be able to 


= Describe the function of a half-adder ® Draw a half-adder logic diagram ® Describe 
the function of the full-adder ® Draw a full-adder logic diagram using half-adders 
= Implement a full-adder using AND-OR logic 


The Half-Adder 


Recall the basic rules for binary addition as stated in Chapter 2. 


0+0= 0 
ie ceed ee 
1+0O= 1 
Loree t=O 


The operations are performed by a logic circuit called a half-adder. 


The half-adder accepts two binary digits on its inputs and produces two binary 
digits on its outputs, a sum bit and a carry bit. 


A half-adder is represented by the logic symbol in Figure 6-1. 


>» FIGURE 6-1 


Sum 


Logic symbol for a half-adder. Open 


file FO6-01 to verify operation. 


Input bits Outputs 


Carry 





Half-Adder Logic From the operation of the half-adder as stated in Table 6—1, expres- 
sions can be derived for the sum and the output carry as functions of the inputs. Notice that 
the output carry (C,,,) is a | only when both A and B are |s; therefore, C,,, can be expressed 
as the AND of the input variables. 


Coit = AB 


» TABLE 6-1 
Half-adder truth table. 





x= = sum 


Coy = Output carry 
A and B = input variables (operands) 
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Now observe that the sum output (~) is a 1 only if the input variables, A and B, are not equal. 
The sum can therefore be expressed as the exclusive-OR of the input variables. 


XZ=A@OB Equation 6-2 


From Equations 6—1 and 6—2, the logic implementation required for the half-adder 
function can be developed. The output carry is produced with an AND gate with A and 
B on the inputs, and the sum output is generated with an exclusive-OR gate, as shown in 
Figure 6—2. Remember that the exclusive-OR is implemented with AND gates, an OR 
gate, and inverters. 


ote <@ FIGURE 6-2 
2=A ®B=AB+AB 
Half-adder logic diagram. 


Coy = AB 


B oul 


The Full-Adder 


The second category of adder is the full-adder. A full-adder has an input carry 


The full-adder accepts two input bits and an input carry and generates a sum while the hali-suder does Hot. 


output and an output carry. 


The basic difference between a full-adder and a half-adder is that the full-adder accepts an 
input carry. A logic symbol for a full-adder is shown in Figure 6—3, and the truth table in 
Table 6—2 shows the operation of a full-adder. 


Input 
bits 


Input carry 


« FIGURE 6-3 


Logic symbol for a full-adder. Open 
file FO6-03 to verify operation. 


Sum 





Output carry 








<« TABLE 6-2 
: Full-adder truth table. 
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C;, = input carry, sometimes designated as C/ 


Cour = Output carry, sometimes designated as CO 


x = sum 


input variables (operands) 








Full-Adder Logic The full-adder must add the two input bits and the input carry. From the 
half-adder you know that the sum of the input bits A and B is the exclusive-OR of those two 
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variables, A ® B. For the input carry (C;,,) to be added to the input bits, it must be exclusive- 
ORed with A © B, yielding the equation for the sum output of the full-adder. 


Equation 6-3 X= (AGB) OC, 


This means that to implement the full-adder sum function, two 2-input exclusive-OR 
gates can be used. The first must generate the term A @ B, and the second has as its inputs 
the output of the first XOR gate and the input carry, as illustrated in Figure 6—4(a). 


=AB+(A@®B)C 


Out na 


b 





C 


in 


(a) Logic required to form the sum of three bits (b) Complete logic circuit for a full-adder (each half-adder is enclosed 
by a shaded area) 


A FIGURE 6-4 
Full-adder logic. Open file F06-04 to verify operation. 





The output carry is a 1 when both inputs to the first XOR gate are Ils or when both in- 
puts to the second XOR gate are Is. You can verify this fact by studying Table 6—2. The out- 
put carry of the full-adder is therefore produced by the inputs A ANDed with B and A ® B 
ANDed with C,,,. These two terms are ORed, as expressed in Equation 6-4. This function 
is implemented and combined with the sum logic to form a complete full-adder circuit, as 
shown in Figure 6—4(b). 


Equation 6-4 Cae =~ AB + GA BBC, 


Notice in Figure 6—4(b) there are two half-adders, connected as shown in the block dia- 
gram of Figure 6—5(a), with their output carries ORed. The logic symbol shown in Figure 
6—5(b) will normally be used to represent the full-adder. 


Half-adder Half-adder 


Sum 
(AD B)OC, 






Input 
carry, C;, 


Output Carry, C ‘oui 





AB+(A © B)C,, 
(a) Arrangement of two half-adders to form a full-adder (b) Full-adder logic symbol 


A FIGURE 6-5 





Full-adder implemented with half-adders. 


EXAMPLE 6-1 


Solution 


Related Problem * 
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For each of the three full-adders in Figure 6—6, determine the outputs for the inputs shown. 





A FIGURE 6-6 
(a) The input bits are A = 1, B = 0, and C,,, = 0. 
1 + 0+ 0 = 1 with no carry 
Therefore, & = 1 and C,,, = 0. 
(b) The input bits are A = 1, B = 1, and C,,, = 0. 
1+ 1+ 0= 0 withacarry of | 
Therefore, X& = 0 and C,,, = 1. 
(c) The input bits are A = 1, B = 0, and C,,, = 1. 
1 + 0+ 1 =O with acarry of 1 
Therefore, & = 0 and C,,, = 1. 


What are the full-adder outputs for A = 1, B = 1, and C,, = 1? 


* Answers are at the end of the chapter. 


| [secrion 6-1 
| | REVIEW 


Answers are at the end of the 
chapter. 


1. Determine the sum (Z) and the output carry (C,,,,) of a half-adder for each set of 
input bits: 
(a) 01 (b) 00 (c) 10 (d) 11 
2. A full-adder has C,, = 1. What are the sum (Z) and the output carry (C,,,,) when 
A= 1andB= 1? 


oz. PARALLEL BINARY ADDERS 


Two or more full-adders are connected to form parallel binary adders. In this section, 
you will learn the basic operation of this type of adder and its associated input and 


output functions. 


After completing this section, you should be able to 


= Use full-adders to implement a parallel binary adder ™ Explain the addition process 
in a parallel binary adder ®™ Use the truth table for a 4-bit parallel adder ™ Apply two 
74LS283s for the addition of two 4-bit numbers ® Expand the 4-bit adder to 
accommodate 8-bit or 16-bit addition 
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COMPUTER NOTE 





Addition is performed by 
computers on two numbers at a 
time, called operands. The source 
operand is a number that is to be 
added to an existing number 
called the destination operand, 
which is held in an ALU register, 
such as the accumulator. The sum 
of the two numbers is then stored 
back in the accumulator. Addition 
is performed on integer numbers 
or floating-point numbers using 
ADD or FADD instructions 
respectively. 


» FIGURE 6-7 


Block diagram of a basic 2-bit 
parallel adder using two full-adders. 


Open file F06-07 to verify operation. 





| EXAMPLE 6-2 





As you saw in Section 6—1, a single full-adder is capable of adding two 1-bit numbers 
and an input carry. To add binary numbers with more than one bit, you must use additional 
full-adders. When one binary number is added to another, each column generates a sum bit 
and a | or 0 carry bit to the next column to the left, as illustrated here with 2-bit numbers. 


ora Carry bit from right column 


| 


11 
1 OL 
100 


In this case, the 
carry bit from 
second column 
becomes a sum bit. 


To add two binary numbers, a full-adder is required for each bit in the numbers. So for 
2-bit numbers, two adders are needed; for 4-bit numbers, four adders are used; and so on. 
The carry output of each adder is connected to the carry input of the next higher-order 
adder, as shown in Figure 6—7 for a 2-bit adder. Notice that either a half-adder can be used 
for the least significant position or the carry input of a full-adder can be made 0 (grounded) 
because there is no carry input to the least significant bit position. 


General format, addition 
of two 2-bit numbers: 


A>,A 
+ B5B, 


55.5, 





(MSB)2; =, (LSB) 


In Figure 6—7 the least significant bits (LSB) of the two numbers are represented by A, 
and B,. The next higher-order bits are represented by A, and B,. The three sum bits are %,, 
x5, and 2%. Notice that the output carry from the left-most full-adder becomes the most sig- 
nificant bit (MSB) in the sum, &3. 





Determine the sum generated by the 3-bit parallel adder in Figure 6-8 and show the 
intermediate carries when the binary numbers 101 and 011 are being added. 


>» FIGURE 6-8 
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Solution 
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The LSBs of the two numbers are added in the right-most full-adder. The sum bits and 


the intermediate carries are indicated in blue in Figure 6-8. 


Related Problem 


Four-Bit Parallel Adders 


A group of four bits is called a nibble. A basic 4-bit parallel adder is implemented with four 
full-adder stages as shown in Figure 6—9. Again, the LSBs (A, and B,) in each number be- 
ing added go into the right-most full-adder; the higher-order bits are applied as shown to 
the successively higher-order adders, with the MSBs (A, and B,) in each number being ap- 
plied to the left-most full-adder. The carry output of each adder is connected to the carry in- 
put of the next higher-order adder as indicated. These are called internal carries. 








A, B Az B, A> B, A, B 
a, ar re ee Binary 
number A 
Co 
A BG, A B.C, AR B G.., Binary 
(MSB) (LSB) number B 
Cont D2 Cont x Cost py 

C4 C; C3 C Input 
ms ~ . carry 


(a) Block diagram (b) Logic symbol 


4 FIGURE 6-9 
A 4-bit parallel adder. 


In keeping with most manufacturers’ data sheets, the input labeled Cp is the input carry 
to the least significant bit adder; Cy, in the case of four bits, is the output carry of the most 
significant bit adder; and 2, (LSB) through 2,4 (MSB) are the sum outputs. The logic sym- 
bol is shown in Figure 6—9(b). 

In terms of the method used to handle carries in a parallel adder, there are two types: the 
ripple carry adder and the carry look-ahead adder. These are discussed in Section 6-3. 


Truth Table for a 4-Bit Parallel Adder 


Table 6—3 is the truth table for a 4-bit adder. On some data sheets, truth tables may be called 
function tables or functional truth tables. The subscript n represents the adder bits and can 


0 
] 
0 
1 
0 
0 
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What are the sum outputs when [11 and 101 are added by the 3-bit parallel adder? 





Z 4-bit 
3 sum 
4 

2 

3 

4 

C Output 

carry 





« TABLE 6-3 


Truth table for each stage of a 4-bit 
parallel adder. 


304 ®@ FUNCTIONS OF COMBINATIONAL LOGIC 


be 1, 2, 3, or 4 for the 4-bit adder. C,,_, is the carry from the previous adder. Carries C,, Co, 
and C; are generated internally. Cy is an external carry input and C, is an output. Example 
6—3 illustrates how to use Table 6-3. 


| EXAMPLE 6-3 
Use the 4-bit parallel adder truth table (Table 6—3) to find the sum and output carry for 


the addition of the following two 4-bit numbers if the input carry (C,,__,) is 0: 
A,A;A,A, = 1100 and BB BB, — 1100 





Solution Forn=1:A, = 0, B, = 0, and C,_, = 0. From the Ist row of the table, 
x,=0 and C,=0 
For n = 2: A, = 0, B, = 0, and C,,_, = 0. From the Ist row of the table, 
x» =0 and C,=0 
For n = 3: A; = 1, B; = 1, and C,_, = 0. From the 4th row of the table, 
x3=0 and C,=1 
For n = 4: A, = 1, B, = 1, and C,,_; = 1. From the last row of the table, 
X%=1 and C,=1 
C, becomes the output carry; the sum of 1100 and 1100 is 11000. 


Related Problem _ Use the truth table (Table 6-3) to find the result of adding the binary numbers 1011 
and 1010. 








THE 74LS283 4-BIT PARALLEL ADDER 
Leealiseiay ese eb ora MAO MUR rata Bea tH ee aril sh sili Bil adi peaae ie oy TELNET aE ES EAE Clon REEIC Fag OPE POR 
erste tie ; 


Secetaniaaial tenet, 






An example of a 4-bit parallel adder that is available in IC form is the 74LS283. For the 
74LS283, Voc is pin 16 and ground is pin 8, which is a standard configuration. The pin diagram 
and logic symbol for this device are shown, with pin numbers in parentheses on the logic sym- 
bol, in Figure 6—10. This device may be available in other TTL or CMOS families. Check the 
Texas Instruments website at www.ti.com or the TI CD-ROM accompanying this book. 


®» FIGURE 6-10 


Four-bit parallel adder. 





(a) Pin diagram of 74LS283 (b) 74LS283 logic symbol 
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IC Data Sheet Characteristics Recall that logic gates have one specified propagation de- 
lay time, fp, from an input to the output. For IC logic, there may be several different speci- 
fications for fp. The 4-bit parallel adder has the four fp specifications shown in Figure 6-11, 
which is part of a 74L.S283 data sheet. 


Parameter Min i Propagation delay characteristics for 


tH Propagation delay, Cp input to the 7415283. 
pH. any 2 output 

tpLH Propagation delay, any A or B input 

tPpHL to 2 outputs 

toLH Propagation delay, Cp input to 

PHL. C4 output 

try Propagation delay, any A or B input 

PHL. to Cy output 


—— 
Symbol 








_ Adder Expansion 


The 4-bit parallel adder can be expanded to handle the addition of two 8-bit numbers by using Adders can be expanded to 
two 4-bit adders. The carry input of the low-order adder (Co) is connected to ground because handle more bits by cascading. 
there is no carry into the least significant bit position, and the carry output of the low-order 

adder is connected to the carry input of the high-order adder, as shown in Figure 6—12(a). This 


By B, Bs B; Ag Az Ac As B, By BB, AyA, AyA, 
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(a) Cascading of two 4-bit adders to form an 8-bit adder 
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(b) Cascading of four 4-bit adders to form a 16-bit adder 


& FIGURE 6-12 





Examples of adder expansion. 
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process is known as cascading. Notice that, in this case, the output carry is designated Cg, be- 
cause it is generated from the eighth bit position. The low-order adder is the one that adds the 
lower or less significant four bits in the numbers, and the high-order adder is the one that adds 
the higher or more significant four bits in the 8-bit numbers. 

Similarly, four 4-bit adders can be cascaded to handle two 16-bit numbers as shown in 
Figure 6—12(b). Notice that the output carry is designated C,, because it is generated from 
the sixteenth bit position. 


: EXAMPLE 6-4 
Show how two 74LS283 adders can be connected to form an 8-bit parallel adder. 


Show output bits for the following 8-bit input numbers: 


AcA;Ac¢AsAsAzA,A,; = 10111001 and B,BB,B;B,B,BB, = 10011110 


Solution Two 74LS283 4-bit parallel adders are used to implement the 8-bit adder. The only 
connection between the two 74LS283s is the carry output (pin 9) of the low-order 
adder to the carry input (pin 7) of the high-order adder, as shown in Figure 6-13. Pin 7 
of the low-order adder is grounded (no carry input). 
The sum of the two 8-bit numbers is 


Hee Vy BI By ye 


101010111 


(4) 


(1) L dy l Be 
| bs X6 
us) :. Ys 
(10) ae e 
0 Xy ). 2g 

9 
wy LS, 





— Low-order adder High-order adder 


& FIGURE 6-13 


Two 74L$283 adders connected as an 8-bit parallel adder (pin numbers are in parentheses). 


| Related Problem Use 74LS283 adders to implement a 12-bit parallel adder. 





An Application 


An example of full-adder and parallel adder application is a simple voting system that can 
be used to simultaneously provide the number of “yes” votes and the number of “no” votes. 
This type of system can be used where a group of people are assembled and there is a need 
for immediately determining opinions (for or against), making decisions, or voting on cer- 
tain issues or other matters. 
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In its simplest form, the system includes a switch for “yes” or “no” selection at each po- 
sition in the assembly and a digital display for the number of yes votes and one for the num- 
ber of no votes. The basic system is shown in Figure 6—14 for a 6-position setup, but it can 
be expanded to any number of positions with additional 6-position modules and additional 
parallel adder and display circuits. 

In Figure 6—14 each full-adder can produce the sum of up to three votes. The sum and 
output carry of each full-adder then goes to the two lower-order inputs of a parallel bi- 
nary adder. The two higher-order inputs of the parallel adder are connected to ground (0) 
because there is never a case where the binary input exceeds 0011 (decimal 3). For this 


Vee 
-___ $ix-Position Adder Module 











7-segment 
decoder 


Parallel adder 1 


Full-adder 2 


YES logic 


NO 


7-segment 
decoder 


NOO 


Switches 


Parallel adder 2 


Full-adder 4 


NO logic 


Resistors should be connected from the inputs of the full-adders 
to ground. 


A FIGURE 6-14 





A voting system using full-adders and parallel binary adders. 
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| [section 6-2 
 T REVIEW 


basic 6-position system, the outputs of the parallel adder go to a BCD-to-7-segment de- 
coder that drives the 7-segment display. As mentioned, additional circuits must be in- 
cluded when the system is expanded. 

The resistors from the inputs of each full-adder to ground assure that each input is 
LOW when the switch is in the neutral position (CMOS logic is used). When a switch is 
moved to the “yes” or to the “no” position, a HIGH level (V--) is applied to the associ- 
ated full-adder input. 


1. Two 4-bit numbers (1101 and 1011) are applied to a 4-bit parallel adder. The input | 
carry is 1. Determine the sum (2) and the output carry. | 
2. How many 74LS283 adders would be required to add two binary numbers each 


representing decimal numbers up through 1000;9? 


RIPPLE CARRY VERSUS LOOK-AHEAD CARRY ADDERS 





>» FIGURE 6-15 


A 4-bit parallel ripple carry adder 


showing “worst-case” carry 
propagation delays. 





As mentioned in the last section, parallel adders can be placed into two categories 
based on the way in which internal carries from stage to stage are handled. Those 
categories are ripple carry and look-ahead carry. Externally, both types of adders are 
the same in terms of inputs and outputs. The difference is the speed at which they can 
add numbers. The look-ahead carry adder is much faster than the ripple carry adder. 


After completing this section, you should be able to 


= Discuss the difference between a ripple carry adder and a look-ahead carry adder 

= State the advantage of look-ahead carry addition ®™ Define carry generation and carry 
propagation and explain the difference ™ Develop look-ahead carry logic ™ Explain 
why cascaded 74LS283s exhibit both ripple carry and look-ahead carry properties 


The Ripple Carry Adder 


A ripple carry adder is one in which the carry output of each full-adder is connected to the 
carry input of the next higher-order stage (a stage is one full-adder). The sum and the out- 
put carry of any stage cannot be produced until the input carry occurs; this causes a time 
delay in the addition process, as illustrated in Figure 6-15. The carry propagation delay for 
each full-adder is the time from the application of the input carry until the output carry oc- 
curs, assuming that the A and B inputs are already present. 


RIPPLE CARRY VERSUS LOOK-AHEAD CARRY ADDERS ® 309 


Full-adder 1 (FA1) cannot produce a potential output carry until an input carry is ap- 
plied. Full-adder 2 (FA2) cannot produce a potential output carry until full-adder | pro- 
duces an output carry. Full-adder 3 (FA3) cannot produce a potential output carry until an 
output carry is produced by FAI followed by an output carry from FA2, and so on. As 
you can see in Figure 6—15, the input carry to the least significant stage has to ripple 
through all the adders before a final sum is produced. The cumulative delay through all 
the adder stages is a “worst-case” addition time. The total delay can vary, depending on 
the carry bit produced by each full-adder. If two numbers are added such that no carries 
(0) occur between stages, the addition time is simply the propagation time through a sin- 
gle full-adder from the application of the data bits on the inputs to the occurrence of a 
sum output. 


The Look-Ahead Carry Adder 


The speed with which an addition can be performed is limited by the time required for the 
carries to propagate, or ripple, through all the stages of a parallel adder. One method of 
speeding up the addition process by eliminating this ripple carry delay is called look- 
ahead carry addition. The look-ahead carry adder anticipates the output carry of each 
stage, and based on the inputs, produces the output carry by either carry generation or carry 
propagation. 

Carry generation occurs when an output carry is produced (generated) internally by the 
full-adder. A carry is generated only when both input bits are 1s. The generated carry, C,, 
is expressed as the AND function of the two input bits, A and B. 


wees 


Carry propagation occurs when the input carry is rippled to become the output carry. 
An input carry may be propagated by the full-adder when either or both of the input bits are 
ls. The propagated carry, C,, is expressed as the OR function of the input bits. 


,=A+B 


The conditions for carry generation and carry propagation are illustrated in Figure 6-16. 
The three arrowheads symbolize ripple (propagation). 





1 | & 
Al BoG.. 
Cout 2X 
I 
Generated Propagated carry/ Propagated Propagated 
carry Generated carry carry carry 


The output carry of a full-adder can be expressed in terms of both the generated carry (C,) 
and the propagated carry (C,,). The output carry (C,,,) is a 1 if the generated carry is a 1 OR if 
the propagated carry is a 1 AND the input carry (C;,,) is a 1. In other words, we get an output 
carry of | if it is generated by the full-adder (A = 1 AND B = 1) or if the adder propagates 
the input carry (A = | OR B = 1) AND C;,, = 1. This relationship is expressed as 


Cpa: 5 Cy F Cece 


Equation 6-5 


Equation 6-6 


“@ FIGURE 6-16 


Illustration of conditions for carry 
generation and carry propagation. 


Equation 6-7 
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>» FIGURE 6-17 


Carry generation and carry 
propagation in terms of the input 
bits to a 4-bit adder. 


Now let’s see how this concept can be applied to a parallel adder, whose individual 
stages are shown in Figure 6—17 for a 4-bit example. For each full-adder, the output carry 
is dependent on the generated carry (C,), the propagated carry (C,), and its input carry (C’,,). 
The C, and C, functions for each stage are immediately available as soon as the input bits 
A and B and the input carry to the LSB adder are applied because they are dependent only 
on these bits. The input carry to each stage is the output carry of the previous stage. 


Ay By A3 B, A> B, A, B, 





C outa $2 % c 
C out3 C out2 C out! 
Full-adder 4 Full-adder 3 Full-adder 2 Full-adder 1 
Co4 =A,B, es = A3B, Coy = An By Co =A,B, 
Cy4 =Agt By Cp3 =A3 + Bs Cio = Ag + By Cai = Ay + By 


Based on this analysis, we can now develop expressions for the output carry, C,,,, of each 
full-adder stage for the 4-bit example. 


Full-adder 1: 
Scout . C1 si CG 
Full-adder 2: 


Cino = Cont 
Couto = Coo A CiCing . Coo Fy CC out i Coo 9 Cyl Cot 1 CG) 
Co a5 CoC, als CC Cin 


Full-adder 3: 


Cing = Cour 
Co = C,3 os C3Cing 7 C3 a CiaCour2 a C.3 F Cr3( Cy a3 Cio, + Ci2C 1 Cin ) 
i C3 3 CraCs + Ci3CprCai Bs Ci3Cp2C pi Cint 


Full-adder 4: 


CA = Cout3 
Contd = Cod a a ar a om 2 C Cours 
= Cay + GalCsg 1 CyCy + Cala t+ Ge GoCi Gia) 
Gay P GyyGgn + CpG Go T CuO pCO, + CyuGnl,G,, Gay 


Notice that in each of these expressions, the output carry for each full-adder stage is de- 
pendent only on the initial input carry (C;,,), the C, and C, functions of that stage, and the 
C, and C, functions of the preceding stages. Since each of the C, and C,, functions can be 
expressed in terms of the A and B inputs to the full-adders, all the output carries are imme- 
diately available (except for gate delays), and you do not have to wait for a carry to ripple 
through all the stages before a final result is achieved. Thus, the look-ahead carry technique 
speeds up the addition process. 
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The C,,, equations are implemented with logic gates and connected to the full-adders to 
create a 4-bit look-ahead carry adder, as shown in Figure 6—18. 





M 
= 
72) 
wa 
mM 
M 


=,(LSB) 
A FIGURE 6-18 
Logic diagram for a 4-stage look-ahead carry adder. 


‘Combination Look-Ahead and Ripple Carry Adders 


The 74LS283 4-bit adder that was introduced in Section 6—2 is a look-ahead carry adder. 
When these adders are cascaded to expand their capability to handle binary numbers with 
more than four bits, the output carry of one adder is connected to the input carry of the next. 
This creates a ripple carry condition between the 4-bit adders so that when two or more 
74LS283s are cascaded, the resulting adder is actually a combination look-ahead and ripple 
carry adder. The look-ahead carry operation is internal to each MSI adder and the ripple 
carry feature comes into play when there is a carry out of one of the adders to the next one. 


| [section 6-3 | 
| PREVIEW 1. The input bits to a full-adder are A = 1 and B = 0. Determine C, and C,,. | 


2. Determine the output carry of a full-adder when C;, = 1, C, = 0, and C, = 1. 


“age COMPARATORS 


The basic function of a comparator is to compare the magnitudes of two binary 
quantities to determine the relationship of those quantities. In its simplest form, a 
comparator circuit determines whether two numbers are equal. 





After completing this section, you should be able to 


m Use the exclusive-OR gate as a basic comparator ™ Analyze the internal logic of a 
magnitude comparator that has both equality and inequality outputs = Apply the 
74HC85 comparator to compare the magnitudes of two 4-bit numbers ™ Cascade 
74HC85s to expand a comparator to eight or more bits 
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Equality 
As you learned in Chapter 3, the exclusive-OR gate can be used as a basic comparator be- 


cause its output is a | if the two input bits are not equal and a 0 if the input bits are equal. 
Figure 6-19 shows the exclusive-OR gate as a 2-bit comparator. 


| : ; 
Q The input bits are equal. 0 —)) >— | The input bits are not equal. 
; 
| The input bits are not equal. _}) >— Q The input bits are equal. 


A FIGURE 6-19 


ot 


Basic comparator operation. 


In order to compare binary numbers containing two bits each, an additional exclusive- 
OR gate is necessary. The two least significant bits (LSBs) of the two numbers are com- 
pared by gate G,, and the two most significant bits (MSBs) are compared by gate G5, as 
shown in Figure 6—20. If the two numbers are equal, their corresponding bits are the same, 
and the output of each exclusive-OR gate is a 0. If the corresponding sets of bits are not 
equal, a | occurs on that exclusive-OR gate output. 


» FIGURE 6-20 






LSB: 
Logic diagram for equality : 
comparison of two 2-bit numbers. A=B 
Open file F06-20 to verify HIGH indicates equality. 
A 

operation. MSBs 

General format: Binary number A > A,;Ag 

Binary number B > B, By 

A comparator determines if two In order to produce a single output indicating an equality or inequality of two numbers, 
binary numbers are equal or two inverters and an AND gate can be used, as shown in Figure 6—20. The output of each 
unequal. exclusive-OR gate is inverted and applied to the AND gate input. When the two input bits 


for each exclusive-OR are equal, the corresponding bits of the numbers are equal, produc- 
ing a | on both inputs to the AND gate and thus a | on the output. When the two numbers 
are not equal, one or both sets of corresponding bits are unequal, and a O appears on at least 
one input to the AND gate to produce a 0 on its output. Thus, the output of the AND gate 
indicates equality (1) or inequality (0) of the two numbers. 

Example 6—5 illustrates this operation for two specific cases. The exclusive-OR gate and 
inverter are replaced by an exclusive-NOR symbol. 


| EXAMPLE 6-5 
Apply each of the following sets of binary numbers to the comparator inputs in Figure 


6-21, and determine the output by following the logic levels through the circuit. 
(a) 10 and 10 (b) 11 and 10 
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0 — not equal 


Aj =0 | Ap = | 0 
By = 0 B,=0 
| — equal 
Ay=1 Ay =1 | 
B= 1 By = 1 
(a) (b) 
4 FIGURE 6-21 
Solution (a) The output is 1 for inputs 10 and 10, as shown in Figure 6—21(a). 
(b) The output is 0 for inputs 11 and 10, as shown in Figure 6—21(b). 
Related Problem Repeat the process for binary inputs of 01 and 10. 





As you know from Chapter 3, the basic comparator can be expanded to any number of 
bits. The AND gate sets the condition that all corresponding bits of the two numbers must 
be equal if the two numbers themselves are equal. 


Inequality 


In addition to the equality output, many IC comparators provide additional outputs that in- 
dicate which of the two binary numbers being compared is the larger. That is, there is an 
output that indicates when number A is greater than number B (A > B) and an output that 
indicates when number A is less than number B (A < B), as shown in the logic symbol for 
a 4-bit comparator in Figure 6—22. 


@ FIGURE 6-22 


Logic symbol for a 4-bit comparator 
with inequality indication. 





To determine an inequality of binary numbers A and B, you first examine the highest- 
order bit in each number. The following conditions are possible: 


1. If A; = 1 and B; = 0, number A is greater than number B. 
2. If A; = 0 and B, = 1, number A 1s less than number B. 


3. If A; = B;, then you must examine the next lower bit position for an inequality. 


These three operations are valid for each bit position in the numbers. The general pro- 
cedure used in a comparator is to check for an inequality in a bit position, starting with the 





COMPUTER NOTE 


In a computer, the cache is a very 
fast intermediate memory 
between the central processing 
unit (CPU) and the slower main 
memory. The CPU requests data 


by sending out its address (unique 





location) in memory. Part of this 
address is called a tag. The tag 
address comparator compares the 
tag from the CPU with the tag 
from the cache directory. If the 
two agree, the addressed data is 
already in the cache and is 
retrieved very quickly. If the tags 
disagree, the data must be 
retrieved from the main memory 
at a much slower rate. 
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EXAMPLE 6-6 






Solution 


Related Problem 











» FIGURE 6-24 


Pin diagram and logic symbol for the 


74HC85 4-bit magnitude 


comparator (pin numbers are in 


parentheses). 


highest-order bits (MSBs). When such an inequality is found, the relationship of the two 
numbers is established, and any other inequalities in lower-order bit positions must be ig- 
nored because it is possible for an opposite indication to occur; the highest-order indica- 
tion must take precedence. 


Determine the A = B, A> B, and A < B outputs for the input numbers shown on the 
comparator in Figure 6—23. 


» FIGURE 6-23 





The number on the A inputs is 0110 and the number on the B inputs is 0011. The 
A > B output is HIGH and the other outputs are LOW. 


What are the comparator outputs when A3A>5A,;A, = 1001 and B3B,B,By = 1010? 











F% | ‘OR 
calasens 


Cie eye ae 


The 74HC85 is a comparator that is also available in other IC families. The pin diagram and 
logic symbol are shown in Figure 6—24. Notice that this device has all the inputs and out- 
puts of the generalized comparator previously discussed and, in addition, has three cascad- 
ing inputs: A < B, A = B, A> B. These inputs allow several comparators to be cascaded for 
comparison of any number of bits greater than four. To expand the comparator, the A < B, 


Cascading 
inputs 


Outputs 


Vec(16), GND(8) 





(a) Pin diagram (b) Logic symbol 
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A = B, and A > B outputs of the lower-order comparator are connected to the correspond- 
ing cascading inputs of the next higher-order comparator. The lowest-order comparator 
must have a HIGH on the A = B input and LOWs on the A < B and A > B inputs. This de- 
vice may be available in other CMOS or TTL families. Check the Texas Instruments web- 
site at www.ti.com or the TI CD-ROM accompanying this book. 


| EXAMPLE 6-7 
Use 74HC85 comparators to compare the magnitudes of two 8-bit numbers. Show the 


comparators with proper interconnections. 









Solution Two 74HC85s are required to compare two 8-bit numbers. They are connected as 
shown in Figure 6—25 in a cascaded arrangement. 


>» FIGURE 6-25 





An 8-bit magnitude comparator a 
using two 7/4HC85s. A, 





—~ 
~ 





74HC85 74HC85 


: Outputs 


Related Problem Expand the circuit in Figure 6—25 to a 16-bit comparator. | 


[secrion 6-4 : 
REVIEW 1. The binary numbers A = 1011 and B = 1010 are applied to the inputs of a | 


74HC85. Determine the outputs. 


2. The binary numbers A = 11001011 and B = 11010100 are applied to the 8-bit 
comparator in Figure 6-25. Determine the states of output pins 5, 6, and 7 on each 
74HC85. 







Most CMOS devices contain protection circuitry to guard against damage from high static | 
voltages or electric fields. However, precautions must be taken to avoid applications of 
any voltages higher than maximum rated voltages. For proper operation, input and out- 
put voltages should be between ground and V¢c. Also, remember that unused inputs must | 
always be connected to an appropriate logic level (ground or Vcc). Unused outputs may 
be left open. 
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DECODERS 





COMPUTER NOTE 





An instruction tells the computer 
what operation to perform. 
Instructions are in machine code 
(1s and 0s) and, in order for the 
computer to carry out an 
instruction, the instruction must 
be decoded. Instruction decoding 
is one of the steps in instruction 
pipelining, which are as follows: 
Instruction is read from the 
memory (instruction fetch), 
instruction is decoded, operand(s) 
is (are) read from memory 
(operand fetch), instruction is 
executed, and result is written 
back to memory. Basically, 
pipelining allows the next 
instruction to begin processing 
before the current one is 
completed. 


| fexampue 6-8 


Solution 


A decoder is a digital circuit that detects the presence of a specified combination of bits 
(code) on its inputs and indicates the presence of that code by a specified output level. In 
its general form, a decoder has n input lines to handle n bits and from one to 2” output 
lines to indicate the presence of one or more n-bit combinations. In this section, several 
decoders are introduced. The basic principles can be extended to other types of decoders. 


After completing this section, you should be able to 


= Define decoder ®™ Design a logic circuit to decode any combination of bits ™ Describe 
the 74HC154 binary-to-decimal decoder ™ Expand decoders to accommodate larger 
numbers of bits ina code ™ Describe the 74LS47 BCD-to-7-segment decoder ™ Discuss 
zero suppression in 7-segment displays ™ Apply decoders to specific applications 


The Basic Binary Decoder 


Suppose you need to determine when a binary 1001 occurs on the inputs of a digital circuit. 
An AND gate can be used as the basic decoding element because it produces a HIGH out- 
put only when all of its inputs are HIGH. Therefore, you must make sure that all of the in- 
puts to the AND gate are HIGH when the binary number 1001 occurs; this can be done by 
inverting the two middle bits (the Os), as shown in Figure 6—26. 


(LSB) 





A; 
” (MSB) 


(a) (b) 


& FIGURE 6-26 


Decoding logic for the binary code 1001 with an active-HIGH output. 


The logic equation for the decoder of Figure 6—26(a) is developed as illustrated in Figure 
6—26(b). You should verify that the output is 0 except when Ay = 1, A, = 0, A, = 0, and 
A; = | are applied to the inputs. Ay is the LSB and A; is the MSB. In the representation 
of a binary number or other weighted code in this book, the LSB is the right-most bit in 
a horizontal arrangement and the topmost bit in a vertical arrangement, unless specified 
otherwise. 

If a NAND gate is used in place of the AND gate in Figure 6-26, a LOW output will in- 
dicate the presence of the proper binary code, which is 1001 in this case. 


Determine the logic required to decode the binary number 1011 by producing a HIGH 
level on the output. 


The decoding function can be formed by complementing only the variables that 
appear as 0 in the desired binary number, as follows: 


X=AAAA, {10115 
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This function can be implemented by connecting the true (uncomplemented) variables 
Ay, A;, and A; directly to the inputs of an AND gate, and inverting the variable A, 
before applying it to the AND gate input. The decoding logic is shown in Figure 6-27. 


®» FIGURE 6-27 


Decoding logic for producing a 
HIGH output when 1011 is on the 
inputs. 


Related Problem Develop the logic required to detect the binary code 10010 and produce an active- 
LOW output. 





The 4-Bit Decoder 


In order to decode all possible combinations of four bits, sixteen decoding gates are re- 
quired (2* = 16). This type of decoder is commonly called either a 4-line-to-16-line de- 
coder because there are four inputs and sixteen outputs or a /-of-16 decoder because for 
any given code on the inputs, one of the sixteen outputs is activated. A list of the sixteen bi- 
nary codes and their corresponding decoding functions is given in Table 6—4. 

If an active-LOW output is required for each decoded number, the entire decoder can be 
implemented with NAND gates and inverters. In order to decode each of the sixteen binary 
codes, sixteen NAND gates are required (AND gates can be used to produce active-HIGH 
outputs). 





VW TABLE 6-4 
Decoding functions and truth table for a 4-line-to-16-line (1-of-16) decoder with active-LOW outputs. 















BINARY INPUTS | DECODING OUTPUTS 
DIGIT FUNCTION|0 1 2 3 4 6 f § §$ 10 11 12 ~ 13 ~«214 «215 
0 GC 0 6 6 AAAA, 10 11-5194 51.1757 3 1-1 517° 1 1 
1 0 0 071 AAAA (i 60 1 1 1 oto tt 
2 0 0 1 0 AAAA 14 1 0 1 11 1) 1 tt dl dl 
3 0 0 fs AAAA (1 1 1 07) 1 fol to tt hl 
4 (Oo fF 68 6 AAAA 4h 1°51 1.0 1°13 1~=11 © 1 111 1 
5 10 1 ALAA (1 1) 1 2 2 80 1 tk lt dC 
6 Ob 16 AAAA 81 1 1 Ft 6 dt lll ll hlhlUlL hl lll ll 
7 Oo tf 1. 1 AAAA fo fo dl ll lO ld lll ld ld 
8 i 0 6 8 AAA ft i tk dO dl ll 
9 1 0 0 1) aa hh lk dk a a a 
10 (0 1 6 AAAA, 2 1 1 4 dd dd ol Lh 
11 10 1 1 AMAA | 1 tt dll lll 
12 1 18 6 AAA 8 ld ch hl ll a dl le 
13 [ei 0 AAAA 6) 1 1 tt i tk dll ll le 
14 LL ”rrr—“ R.LUDh.Dh.UmUDUDUCU™,UDU.UU. CU 
15 Ll 1 AAAA, | 3) 1 | 1 1 i ttt lhc ld CC 
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A logic symbol for a 4-line-to-16-line (1-of-16) decoder with active-LOW outputs is 
shown in Figure 6—28. The BIN/DEC label indicates that a binary input makes the corre- 
sponding decimal output active. The input labels 8, 4, 2, and 1 represent the binary weights 
of the input bits (2°272!2°). 


» FIGURE 6-28 





Logic symbol for a 4-line-to-16-line 
(1-of-16) decoder. Open file F06-28 
to verify operation. 
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THE 74HC154 1-OF-16 DECODER 





The 74HC154 is a good example of an IC decoder. The logic symbol is shown in Figure 
6-29. There is an enable function (EN) provided on this device, which is implemented with 
a NOR gate used as a negative-AND. A LOW level on each chip select input, CS, and CS;, 
is required in order to make the enable gate output (EN) HIGH. The enable gate output is 





» FIGURE 6-29 


Pin diagram and logic symbol for the 
74HC154 1-of-16 decoder. 


YO Vier 
V1 AO 
¥2 Al 
Y3 A2 
Y4 A3 
Y5 CS2 
Y6 CSI 
V7 Y15 
Y8 Y14 
Y9 Y13 
Y10 ¥12 
GND Y11 





(a) Pin diagram (b) Logic symbol 
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connected to an input of each NAND gate in the decoder, so it must be HIGH for the NAND 
gates to be enabled. If the enable gate is not activated by a LOW on both inputs, then all 
sixteen decoder outputs (Y) will be HIGH regardless of the states of the four input variables, 
Ao, A,, A>, and A;. This device may be available in other CMOS or TTL families. Check the 
Texas Instruments website at www.ti.com or the TI CD-ROM accompanying this book. 


EXAMPLE 6-9 
A certain application requires that a 5-bit number be decoded. Use 74HC154 decoders 


to implement the logic. The binary number is represented by the format A,A3A,A,Apo. 


Solution Since the 74HC154 can handle only four bits, two decoders must be used to decode 
five bits. The fifth bit, A,, is connected to the chip select inputs, CS, and CS}, of one 
decoder, and A, is connected to the CS, and CS; inputs of the other decoder, as shown 
in Figure 6-30. When the decimal number is 15 or less, A, = O, the low-order decoder 
is enabled, and the high-order decoder is disabled. When the decimal number is 
greater than 15, A, = 1 so A, = 0, the high-order decoder is enabled, and the low- 
order decoder is disabled. 


» FIGURE 6-30 
A 5-bit decoder using 74HC154s. 









BIN/DEC BIN/DEC 





Low-order 


A, 


_An Application 


Decoders are used in many types of applications. One example is in computers for 
input/output selection as depicted in the general diagram of Figure 6—31. 

Computers must communicate with a variety of external devices called peripherals by 
sending and/or receiving data through what is known as input/output (I/O) ports. These 
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» FIGURE 6-31 


A simplified computer I/O port 
system with a port address decoder 
with only four address lines shown. 
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external devices include printers, modems, scanners, external disk drives, keyboard, video 
monitors, and other computers. As indicated in Figure 6—31, a decoder is used to select the 
I/O port as determined by the computer so that data can be sent or received from a specific 
external device. 

Each I/O port has a number, called an address, which uniquely identifies it. When the 
computer wants to communicate with a particular device, it issues the appropriate address 
code for the I/O port to which that particular device is connected. This binary port address 
is decoded and the appropriate decoder output is activated to enable the I/O port. 

As shown in Figure 6—31, binary data are transferred within the computer on a data bus, 
which is a set of parallel lines. For example, an 8-bit bus consists of eight parallel lines that 
can carry one byte of data at a time. The data bus goes to all of the I/O ports, but any data 
coming in or going out will only pass through the port that is enabled by the port address 
decoder. 


The BCD-to-Decimal Decoder 


The BCD-to-decimal decoder converts each BCD code (8421 code) into one of ten possi- 
ble decimal digit indications. It is frequently referred as a 4-line-to-10-line decoder or a 
1-of-10 decoder. 

The method of implementation is the same as for the 1-of-16 decoder previously dis- 
cussed, except that only ten decoding gates are required because the BCD code represents 
only the ten decimal digits 0 through 9. A list of the ten BCD codes and their correspon- 
ding decoding functions is given in Table 6-5. Each of these decoding functions is imple- 
mented with NAND gates to provide active-LOW outputs. If an active-HIGH output is 
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<@ TABLE 6-5 
BCD decoding functions. 
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required, AND gates are used for decoding. The logic is identical to that of the first ten de- 
coding gates in the 1-of-16 decoder (see Table 6-4). 





EXAMPLE 6-10 


The 74HC42 is an integrated circuit BCD-to-decimal decoder. The logic symbol 1s 
shown in Figure 6—32. If the input waveforms in Figure 6—33(a) are applied to the 
inputs of the 74HC42, show the output waveforms. 
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& FIGURE 6-33 
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Solution 


Related Problem 





THE 74LS47 BCD-TO-7-SEGMENT DECODER/DRIVER 





» FIGURE 6-35 


Pin diagram and logic symbol for the 
74LS47 BCD-to-7-segment 


decoder/ driver. 


The output waveforms are shown in Figure 6—33(b). As you can see, the inputs are 
sequenced through the BCD for digits 0 through 9. The output waveforms in the 
timing diagram indicate that sequence on the decimal-value outputs. 


Construct a timing diagram showing input and output waveforms for the case where the 
BCD inputs sequence through the decimal numbers as follows: 0, 2, 4, 6, 8, 1, 3, 5, and 9. 





The BCD-to-7-Segment Decoder 


The BCD-to-7-segment decoder accepts the BCD code on its inputs and provides outputs 
to drive 7-segment display devices to produce a decimal readout. The logic diagram for a 
basic 7-segment decoder is shown in Figure 6—34. 






>» FIGURE 6-34 BCD/7-seg 


Logic symbol for a BCD-to- 


7-segment decoder/driver with - 

ctive-LOW outputs. Open fil ; cuit lines 
Es ee ea “ BCD | A, connect to 
F06-34 to verify operation. input) A, 7-segment 


display device 


x7, 


Li 


The 74LS47 is an example of an IC device that decodes a BCD input and drives a 7-segment 
display. In addition to its decoding and segment drive capability, the 74LS47 has several ad- 
ditional features as indicated by the LT, RBI, BI/RBO functions in the logic symbol of 
Figure 6—35. As indicated by the bubbles on the logic symbol, all of the outputs (a through 
g) are active-LOW as are the LT (lamp test), RBJ (ripple blanking input), and BJ/RBO 
(blanking input/ripple blanking output) functions. The outputs can drive a common-anode 
7-segment display directly. Recall that 7-segment displays were discussed in Chapter 4. 
In addition to decoding a BCD input and producing the appropriate 7-segment outputs, 
the 74LS47 has lamp test and zero suppression capability. This device may be available in 
other TTL or CMOS families. Check the Texas Instruments website at www.ti.com or the 
TI CD-ROM accompanying this book. 
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inputs 
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GND 


(a) Pin diagram (b) Logic symbol 
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Lamp Test Whena LOW is applied to the LT input and the BI/RBO is HIGH, all of the 7 seg- 
ments in the display are turned on. Lamp test is used to verify that no segments are burned out. 


Zero Suppression Zero suppression is a feature used for multidigit displays to blank out Zero suppression results in 
unnecessary zeros. For example, in a 6-digit display the number 6.4 may be displayed as _ leading or trailing zeros in a 
006.400 if the zeros are not blanked out. Blanking the zeros at the front of a number is number not showing on a 
called leading zero suppression and blanking the zeros at the back of the number is called — display. 
trailing zero suppression. Keep in mind that only nonessential zeros are blanked. With zero 
suppression, the number 030.080 will be displayed as 30.08 (the essential zeros remain). 
Zero suppression in the 74LS47 is accomplished using the RBI and BI/RBO functions. 
RBI is the ripple blanking input and RBO is the ripple blanking output on the 74LS47; these 
are used for zero suppression. B/ is the blanking input that shares the same pin with RBO; in 
other words, the BJ/RBO pin can be used as an input or an output. When used as a BI (blank- 
ing input), all segment outputs are HIGH (nonactive) when B/ is LOW, which overrides all 
other inputs. The BI function is not part of the zero suppression capability of the device. 
All of the segment outputs of the decoder are nonactive (HIGH) if a zero code (OO00) is 
on its BCD inputs and if its RBI is LOW. This causes the display to be blank and produces 
a LOW RBO. 
The logic diagram in Figure 6—36(a) illustrates leading zero suppression for a whole 
number. The highest-order digit position (left-most) is always blanked if a zero code is on 
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Examples of zero suppression using the 74L$47 BCD to 7-segment decoder/driver. 
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its BCD inputs because the RBI of the most-significant decoder is made LOW by connect- 
ing it to ground. The RBO of each decoder is connected to the RBI of the next lowest-order 
decoder so that all zeros to the left of the first nonzero digit are blanked. For example, in 
part (a) of the figure the two highest-order digits are zeros and therefore are blanked. The 
remaining two digits, 3 and 9 are displayed. 

The logic diagram in Figure 6—36(b) illustrates trailing zero suppression for a fractional 
number. The lowest-order digit (right-most) is always blanked if a zero code is on its BCD 








inputs because the RBI is connected to ground. The RBO of each decoder is connected to 
the RBI of the next highest-order decoder so that all zeros to the right of the first nonzero 
digit are blanked. In part (b) of the figure, the two lowest-order digits are zeros and there- 
fore are blanked. The remaining two digits, 5 and 7 are displayed. To combine both leading 
and trailing zero suppression in one display and to have decimal point capability, additional 
logic is required. 





| [SECTION 6-5 | 
| [REVIEW 1. A 3-line-to-8-line decoder can be used for octal-to-decimal decoding. When a | 
| binary 101 is on the inputs, which output line is activated? | 
2. How many 74HC154 1-of-16 decoders are necessary to decode a 6-bit binary 


number? 


3. Would you select a decoder/driver with active-HIGH or active-LOW outputs to 
drive a common-cathode 7-segment LED display? 








1626) ENcopeERs 


An encoder is a combinational logic circuit that essentially performs a “reverse” 
decoder function. An encoder accepts an active level on one of its inputs representing a 
digit, such as a decimal or octal digit, and converts it to a coded output, such as BCD 
or binary. Encoders can also be devised to encode various symbols and alphabetic 
characters. The process of converting from familiar symbols or numbers to a coded 
format is called encoding. 


After completing this section, you should be able to 


= Determine the logic for a decimal encoder ® Explain the purpose of the priority 
feature in encoders ® Describe the 74HC147 decimal-to-BCD priority encoder 

= Describe the 74LS148 octal-to-binary priority encoder ™ Expand an encoder 

=m Apply the encoder to a specific application 


_The Decimal-to-BCD Encoder 


This type of encoder has ten inputs—one for each decimal digit—and four outputs corre- 
sponding to the BCD code, as shown in Figure 6—37. This is a basic 10-line-to-4-line encoder. 

The BCD (8421) code is listed in Table 6-6. From this table you can determine the re- 
lationship between each BCD bit and the decimal digits in order to analyze the logic. For 
instance, the most significant bit of the BCD code, A3, is always a 1 for decimal digit 8 or 
9. An OR expression for bit A; in terms of the decimal digits can therefore be written as 


A,;=8+9 





« FIGURE 6-37 
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Bit A, is always a | for decimal digit 4, 5, 6 or 7 and can be expressed as an OR function 
as follows: 


A,=4+35+6+7 

Bit A, 1s always a | for decimal digit 2, 3, 6, or 7 and can be expressed as 
Ay=24+3 +647 

Finally, Ap is always a 1 for decimal digit 1, 3, 5, 7, or 9. The expression for Ag is 
Ajp=14+34+54+74+9 


Now let’s implement the logic circuitry required for encoding each decimal digit to a 
BCD code by using the logic expressions just developed. It is simply a matter of ORing the 
appropriate decimal digit input lines to form each BCD output. The basic encoder logic re- 
sulting from these expressions is shown in Figure 6—38. 


| «@ FIGURE 6-38 


A LSB 
5 oe Basic logic diagram of a decimal-to- 
3 BCD encoder. A 0-digit input is not 
Ay needed because the BCD outputs 
4 are all LOW when there are no 
7 A, HIGH inputs. 
9 
8 
A, (MSB) 
9 
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“@ TABLE 6-6 





COMPUTER NOTE a 


An assembler can be thought of as 
a software encoder because it 
interprets the mnemonic 
instructions with which a program 
is written and carries out the 
applicable encoding to convert 
each mnemonic to a machine 
code instruction (series of 1s and 
0s) which the computer can 
understand. Examples of 
mnemonic instructions for a 
microprocessor are ADD, MOV 
(move data), MUL (multiply), 
XOR, JMP (jump), and OUT 
(output toa port). 
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The basic operation of the circuit in Figure 6—38 is as follows: When a HIGH appears 
on one of the decimal digit input lines, the appropriate levels occur on the four BCD out- 
put lines. For instance, if input line 9 is HIGH (assuming all other input lines are LOW), 
this condition will produce a HIGH on outputs Ay and A; and LOWs on outputs A, and A», 
which is the BCD code (1001) for decimal 9. 


The Decimal-to-BCD Priority Encoder This type of encoder performs the same basic en- 
coding function as previously discussed. A priority encoder also offers additional flexi- 
bility in that it can be used in applications that require priority detection. The priority 
function means that the encoder will produce a BCD output corresponding to the highest- 
order decimal digit input that is active and will ignore any other lower-order active inputs. 
For instance, if the 6 and the 3 inputs are both active, the BCD output is 0110 (which rep- 
resents decimal 6). 
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The 74HC147 is a priority encoder with active-LOW inputs (0) for decimal digits | through 
9 and active-LOW BCD outputs as indicated in the logic symbol in Figure 6-39. A BCD 
zero output is represented when none of the inputs is active. The device pin numbers are in 
parentheses. This device may be available in other CMOS or TTL families. Check the Texas 
Instruments website at www.ti.com or the TI CD-ROM accompanying this book. 


>» FIGURE 6-39 View 


Pin diagram and logic symbol for the 
74HC147 decimal-to-BCD priority 
encoder (HPRI means highest value 





Nici 
input has priority). 





GND 
(a) Pin diagram (b) Logic diagram 





The 74LS 148 is a priority encoder that has eight active-LOW inputs and three active-LOW 
binary outputs, as shown in Figure 6-40. This device can be used for converting octal in- 
puts (recall that the octal digits are 0 through 7) to a 3-bit binary code. To enable the device, 
the E/ (enable input) must be LOW. It also has the EO (enable output) and GS output for 
expansion purposes. The EO is LOW when the E/ is LOW and none of the inputs (0 through 
7) is active. GS is LOW when E/ is LOW and any of the inputs is active. This device may 
be available in other TTL or CMOS families. Check the Texas Instruments website at 
www.ti.com or the TI CD-ROM accompanying this book. 
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« FIGURE 6-40 


Logic symbol for the 74LS148 
8-line-to-3-line encoder. 





HPRI/BIN 





GND 


The 74LS148 can be expanded to a 16-line-to-4-line encoder by connecting the EO of 
the higher-order encoder to the E/ of the lower-order encoder and negative-ORing the cor- 
responding binary outputs as shown in Figure 6—41. The EO is used as the fourth and most- 
significant bit. This particular configuration produces active-HIGH outputs for the 4-bit 
binary number. 


G1! 2.304 5 BY 8 9 101112131415 < FIGURE 6-41 


A 16-line-to-4 line encoder using 
= /41LS148s and external logic. 
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Binary outputs 


EXAMPLE 6-11 
If LOW levels appear on pins, 1, 4, and 13 of the 74HC147 shown in Figure 6-39, 
indicate the state of the four outputs. All other inputs are HIGH. 


Solution Pin 4 is the highest-order decimal digit input having a LOW level and represents decimal 
7. Therefore, the output levels indicate the BCD code for decimal 7 where Ay is the LSB 
and A, is the MSB. Output Ap is LOW, A, is LOW, A, is LOW, and A; is HIGH. 


Related Problem What are the outputs of the 74HC147 if all its inputs are LOW? If all its inputs are 
HIGH? 
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_An Application 


A classic application example is a keyboard encoder. The ten decimal digits on the keyboard 
of a computer, for example, must be encoded for processing by the logic circuitry. When 
one of the keys is pressed, the decimal digit is encoded to the corresponding BCD code. 
Figure 6-42 shows a simple keyboard encoder arrangement using a 74HC147 priority en- 
coder. They keys are represented by ten push-button switches, each with a pull-up resistor 
to + V. The pull-up resistor ensures that the line is HIGH when a key is not depressed. When 
a key is depressed, the line is connected to ground, and a LOW is applied to the correspon- 
ding encoder input. The zero key is not connected because the BCD output represents zero 
when none of the other keys is depressed. 

The BCD complement output of the encoder goes into a storage device, and each suc- 
cessive BCD code is stored until the entire number has been entered. Methods of storing 
BCD numbers and binary data are covered in later chapters. 


> FIGURE 6-42 Py 


A simplified keyboard encoder. 
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| [SECTION 6-6 
| | rReEvIEW 1. Suppose the HIGH levels are applied to the 2 input and the 9 input of the circuit 


in Figure 6-38. 
| (a) What are the states of the output lines? 
| (b) Does this represent a valid BCD code? 
| (c) What is the restriction on the encoder logic in Figure 6-38? 


2. (a) What is the A3A,A,Ao output when LOWS are applied to pins 1 and 5 of the 
74HC147 in Figure 6-39? 


(b) What does this output represent? | 
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(27) cope CONVERTERS 


In this section, we will examine some methods of using combinational logic circuits to 
convert from one code to another. 


After completing this section, you should be able to 


= Explain the process for converting BCD to binary ™ Use exclusive-OR gates for 
conversions between binary and Gray codes 


_BCD-to-Binary Conversion 
One method of BCD-to-binary code conversion uses adder circuits. The basic conversion 


process 1s as follows: 


1. The value, or weight, of each bit in the BCD number is represented by a binary 
number. 


2. All of the binary representations of the weights of bits that are 1s in the BCD 
number are added. 


3. The result of this addition is the binary equivalent of the BCD number. 


A more concise statement of this operation is 


The binary numbers representing the weights of the BCD bits are summed to 
produce the total binary number. 


Let’s examine an 8-bit BCD code (one that represents a 2-digit decimal number) to un- 
derstand the relationship between BCD and binary. For instance, you already know that the 
decimal number 87 can be expressed in BCD as 


1000 ~OL11 
—_—’ —— 
8 d 


The left-most 4-bit group represents 80, and the right-most 4-bit group represents 7. That 
is, the left-most group has a weight of 10, and the right-most group has a weight of 1. Within 
each group, the binary weight of each bit is as follows: 


Tens Digit Units Digit 
Weight: 80 40 20 = 10 8 4 2 1 
Bit designation: Bi By B, Bo A; A, A, Ap 


The binary equivalent of each BCD bit is a binary number representing the weight of that 
bit within the total BCD number. This representation is given in Table 6—7. 


: : “@ TABLE 6-7 
BINARY REPRESENTATION 


BCD BIT | BCD WEIGHT 52 16 8 4 
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[Exam 6-12 


Solution 


If the binary representations for the weights of all the 1s in the BCD number are added, the 
result is the binary number that corresponds to the BCD number. Example 6—12 illustrates this. 





Convert the BCD numbers 00100111 (decimal 27) and 10011000 (decimal 98) to 
binary. 


Write the binary representations of the weights of all Is appearing in the numbers, and 

then add them together. 
80 40 20 10 8 
09 oO ft @ 8 


l 
But OO00001 ] 
0000010 2 
0000100 4 
+ 0010100 20 


0011011 Binary number for decimal 27 


80 40 20 10 8 4 2 | 
i © Le 120 9 


00010008 
0001010 10 
+ 1010000 80 
1100010 Binary number for decimal 98 


[ 


Related Problem Show the process of converting 01000001 in BCD to binary. 








With this basic procedure in mind, let’s see how the process can be implemented with 
logic circuits. Once the binary representation for each | in the BCD number is determined, 
adder circuits can be used to add the Is in each column of the binary representation. The Is 
occur in a given column only when the corresponding BCD bit is a 1. The occurrence of a 
BCD | can therefore be used to generate the proper binary | in the appropriate column of 
the adder structure. To handle a two-decimal-digit (two-decade) BCD code, eight BCD in- 
put lines and seven binary outputs are required. (It takes seven bits to represent binary num- 
bers through ninety-nine. ) 


Binary-to-Gray and Gray-to-Binary Conversion 


The basic process for Gray-binary conversions was covered in Chapter 2. Exclusive-OR 
gates can be used for these conversions. Programmable logic devices (PLDs) can also be 
programmed for these code conversions. Figure 6—43 shows a 4-bit binary-to-Gray code 
converter, and Figure 6—44 illustrates a 4-bit Gray-to-binary converter. 


» FIGURE 6-43 Binary Gray 
Four-bit binary-to-Gr. ji B 
: » ay eae val 0 Gy (LSB) 

logic. Open file F06-43 to verify 
operation. B 

l G, 

B, 
: ee 


B; G; (MSB) 
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Gray Binary «< FIGURE 6-44 
Go By (LSB) Four-bit Gray-to-binary conversion 
logic. Open file F06-44 to verify 
operation. 
G 
B, 
G, 
2 B, 
G, B; (MSB) 


EXAMPLE 6-13 


(a) Convert the binary number 0101 to Gray code with exclusive-OR gates. 


(b) Convert the Gray code 1011 to binary with exclusive-OR gates. 
Solution (a) 0101, is 0111 Gray. See Figure 6—45(a). 
(b) 1011 Gray is 1101,. See Figure 6—45(b). 


® FIGURE 6-45 
Gray Binary 


Binary Gray | 
| 
I 
0 
0 | 
| | 
0 0 I | 
(a) (b 
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Related Problem How many exclusive-OR gates are required to convert 8-bit binary to Gray? 


| [secrion 6-7 | | 
| REVIEW 1. Convert the BCD number 10000101 to binary. | 


2. Draw the logic diagram for converting an 8-bit binary number to Gray code. 











MULTIPLEXERS (DATA SELECTORS) 


A multiplexer (MUX) is a device that allows digital information from several sources 
to be routed onto a single line for transmission over that line to a common destination. 
The basic multiplexer has several data-input lines and a single output line. It also has 
data-select inputs, which permit digital data on any one of the inputs to be switched to 
the output line. Multiplexers are also known as data selectors. 


After completing this section, you should be able to 


m Explain the basic operation of a multiplexer = Describe the 74LS151 and the 
74HCI157 multiplexers = Expand a multiplexer to handle more data inputs ™ Use the 
multiplexer as a logic function generator 


332 & 


In a multiplexer, data goes from 
several lines to one line. 


» TABLE 6-8 


Data selection for a 1-of- 
4-multiplexer. 


COMPUTER NOTE 





A bus is an internal pathway along 


which electrical signals are sent 
from one part of a computer to 
another. In computer networks, a 
shared bus is one that is 
connected to all the 
microprocessors in the system in 
order to exchange data. A shared 
bus may contain memory and 
input/output devices that can be 
accessed by all the microprocessors 
in the system. Access to the shared 
bus is controlled by a bus arbiter 
(a multiplexer of sorts) that allows 
only one microprocessor at a time 
to use the system's shared bus. 
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A logic symbol for a 4-input multiplexer (MUX) is shown in Figure 6-46. Notice that 
there are two data-select lines because with two select bits, any one of the four data-input 
lines can be selected. 


mB FIGURE 6-46 
MUX 
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In Figure 6—46, a 2-bit code on the data-select (S) inputs will allow the data on the se- 
lected data input to pass through to the data output. If a binary 0 (S$; = 0 and Sp) = 0) is ap- 
plied to the data-select lines, the data on input Dy appear on the data-output line. If a binary 
1 (S,; = O and Sp = 1) is applied to the data-select lines, the data on input D, appear on the 
data output. If a binary 2 (S,; = 1 and Sp = Q) is applied, the data on D, appear on the out- 
put. If a binary 3 (S$; = 1 and Sp = 1) 1s applied, the data on D; are switched to the output 
line. A summary of this operation is given in Table 6-8. 


Logic symbol for a 1-of-4 data Dain 
selector/multiplexer. select 


y Data 
output 


CO Wo Re © 


DATA-SELECT INPUTS 


INPUT SELECTED ff 





Now let’s look at the logic circuitry required to perform this multiplexing operation. The 
data output is equal to the state of the selected data input. You can therefore, derive a logic 
expression for the output in terms of the data input and the select inputs. 

The data output is equal to D, only if S, = 0 and Sy = 0: Y = DpS)Sp. 
= 0 and S, = 1: ¥ = 258; 

1 and S, = 0: ¥ = DLS, Sp. 
1 and Sp = 1: Y = DS,Sp. 


The data output is equal to D, only if S, 


The data output is equal to D, only if S, 


The data output is equal to D; only if S, 


When these terms are ORed, the total expression for the data output is 
Y = D)S,Sp + D,S\Sp + DoS\Sy + D3S,Sp 


The implementation of this equation requires four 3-input AND gates, a 4-input OR gate, 
and two inverters to generate the complements of S, and Sp, as shown in Figure 6-47. Be- 
cause data can be selected from any one of the input lines, this circuit is also referred to as 
a data selector. 
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<< FIGURE 6-47 
Logic diagram for a 4-input 
multiplexer. Open file F06-47 to 


verify operation. 





| EXAMPLE 6-14 
The data-input and data-select waveforms in Figure 6—48(a) are applied to the 


multiplexer in Figure 6—47. Determine the output waveform in relation to the inputs. 


» FIGURE 6-48 
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Solution The binary state of the data-select inputs during each interval determines which data 
input is selected. Notice that the data-select inputs go through a repetitive binary 
sequence 00, 01, 10, 11, 00, 01, 10, 11, and so on. The resulting output waveform is 
shown in Figure 6—48(b). 


Related Problem Construct a timing diagram showing all inputs and the output if the Sp and S; 
waveforms in Figure 6—48 are interchanged. 
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The 74HC157, as well as its LS version, consists of four separate 2-input multiplexers. 
Each of the four multiplexers shares a common data-select line and a common Enable. Be- 
cause there are only two inputs to be selected in each multiplexer, a single data-select in- 
put is sufficient. 
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A LOW on the Enable input allows the selected input data to pass through to the output. 
A HIGH on the Enable input prevents data from going through to the output; that is, it dis- 
ables the multiplexers. This device may be available in other CMOS or TTL families. Check 
the Texas Instruments website at www.ti.com or the TI CD-ROM accompanying this book. 





The ANSI/IEEE Logic Symbol The pin diagram for the 74HC157 is shown in Figure 
6—49(a). The ANSI/IEEE logic symbol for the 74HC157 is shown in Figure 6—49(b). No- 
tice that the four multiplexers are indicated by the partitioned outline and that the inputs 
common to all four multiplexers are indicated as inputs to the notched block at the top, 
which is called the common control block. All labels within the upper MUX block apply to 
the other blocks below it. 





» FIGURE 6-49 





® V Enable 
Pin diagram and logic symbol for the eine a es 
; ENABLE Data 
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(a) Pin diagram (b) Logic symbol 


Notice the | and 1 labels in the MUX blocks and the G1 label in the common control 
block. These labels are an example of the dependency notation system specified in the 
ANSI/IEEE Standard 91-1984. In this case G1 indicates an AND relationship between 
the data-select input and the data inputs with 1 or 1 labels. (The 1 means that the AND 
relationship applies to the complement of the G1 input.) In other words, when the data- 
select input is HIGH, the B inputs of the multiplexers are selected; and when the data- 
select input is LOW, the A inputs are selected. A “G” is always used to denote AND de- 
pendency. Other aspects of dependency notation are introduced as appropriate through- 
out the book. 






The 74LS151 has eight data inputs (D,)—D7;) and, therefore, three data-select or address in- 
put lines (Sp—S>). Three bits are required to select any one of the eight data inputs (2° = 8). 
A LOW on the Enable input allows the selected input data to pass through to the output. 
Notice that the data output and its complement are both available. The pin diagram is shown 
in Figure 6—SO(a), and the ANSI/TEEE logic symbol is shown in part (b). In this case there 
is no need for a common control block on the logic symbol because there is only one mul- 
tiplexer to be controlled, not four as in the 74HC157. The G$ label within the logic symbol 
indicates the AND relationship between the data-select inputs and each of the data inputs 0 
through 7. This device may be available in other TTL or CMOS families. Check the Texas 
Instruments website at www.ti.com or the TI CD-ROM accompanying this book. 
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<@ FIGURE 6-50 


Pin diagram and logic symbol for the 
74LS151 8-input data 
selector/multiplexer. 
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(a) Pin diagram (b) Logic symbol 





EXAMPLE 6-15 


Use 74LS151s and any other logic necessary to multiplex 16 data lines onto a single 
data-output line. 


Solution An implementation of this system is shown in Figure 6—51. Four bits are required to 
select one of 16 data inputs (2* = 16). In this application the Enable input is used as 
the most significant data-select bit. When the MSB in the data-select code is LOW, the 
left 74LS151 is enabled, and one of the data inputs (Dy through D7) is selected by the 
other three data-select bits. When the data-select MSB is HIGH, the right 74LS151 is 
enabled, and one of the data inputs (Dg, through D,;) is selected. The selected input 
data are then passed through to the negative-OR gate and onto the single output line. 


1/6 74HC04 





» FIGURE 6-51 
A 16-input multiplexer. 
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Related Problem Determine the codes on the select inputs required to select each of the following data 
inputs: Dy, D4, Dg, and D3. 


336 = FUNCTIONS OF COMBINATIONAL LOGIC 





_ Applications 


TY xm 
oF 


A 7-Segment Display Multiplexer Figure 6-52 shows a simplified method of multiplex- 
ing BCD numbers to a 7-segment display. In this example, 2-digit numbers are displayed 
on the 7-segment readout by the use of a single BCD-to-7-segment decoder. This basic 
method of display multiplexing can be extended to displays with any number of digits. 


m» FIGURE 6-52 LOW selects A3A A ,AQg 
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Decoder 


* Additional buffer drive 
circuitry may be required. 


LOWs enable common-anode 
7-seg display. 


= +74LS139 


The basic operation is as follows. Two BCD digits (A3A,A;AQy and B;B,B,Bp) are ap- 
plied to the multiplexer inputs. A square wave is applied to the data-select line, and when 
it is LOW, the A bits (A3A,A;A 9) are passed through to the inputs of the 74LS47 BCD-to- 
7-segment decoder. The LOW on the data-select also puts a LOW on the A, input of the 
74LS 139 2-line-to-4-line decoder, thus activating its 0 output and enabling the A-digit 


display by effectively connecting its common terminal to ground. The A digit is now on 
and the B digit is off. 


MULTIPLEXERS (DATA SELECTORS) 


When the data-select line goes HIGH, the B bits (B;B,B,B,)) are passed through to the 
inputs of the BCD-to-7-segment decoder. Also, the 74LS139 decoder’s | output is acti- 
vated, thus enabling the B-digit display. The B digit is now on and the A digit is off. The cy- 
cle repeats at the frequency of the data-select square wave. This frequency must be high 
enough (about 30 Hz) to prevent visual flicker as the digit displays are multiplexed. 


A Logic Function Generator A useful application of the data selector/multiplexer is in the 
generation of combinational logic functions in sum-of-products form. When used in this 
way, the device can replace discrete gates, can often greatly reduce the number of ICs, and 
can make design changes much easier. 

To illustrate, a 74LS151 8-input data selector/multiplexer can be used to implement any 
specified 3-variable logic function if the variables are connected to the data-select inputs 
and each data input is set to the logic level required in the truth table for that function. For 
example, if the function is a | when the variable combination is A.A, Ap, the 2 input (se- 
lected by 010) is connected to a HIGH. This HIGH is passed through to the output when 
this particular combination of variables occurs on the data-select lines. An example will 
help clarify this application. 


data selector/multiplexer. Compare this method with a discrete logic gate 


implementation. 


Vv TABLE 6-9 


INPUTS OUTPUT 
A, y 


: EXAMPLE 6-16 
Implement the logic function specified in Table 6—9 by using a 74LS151 8-input 
| 
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combinations: 001, O11, 101, and 110. For all other combinations, Y is 0. For this 


function to be implemented with the data selector, the data input selected by 


each of the above-mentioned combinations must be connected to a HIGH (5 V). 


All the other data inputs must be connected to a LOW (ground), as shown in 


The implementation of this function with logic gates would require four 3-input 


AND gates, one 4-input OR gate, and three inverters unless the expression can be 


simplified. 


Solution Notice from the truth table that Y is a | for the following input variable 
Figure 6-53. 
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Data selector/multiplexer 
connected as a 3-variable logic 
function generator. 





Input 


; A 
variables 


ao > 


+5 V 





— 74LS151 


Related Problem Use the 74LS151 to implement the following expression: 


Y= AsA vA Ge A,A\Ao at A,AAp 





Example 6—16 illustrated how the 8-input data selector can be used as a logic function gen- 
erator for three variables. Actually, this device can be also used as a 4-variable logic function 
generator by the utilization of one of the bits (Ag) in conjunction with the data inputs. 

A 4-variable truth table has sixteen combinations of input variables. When an 8-bit data 
selector is used, each input is selected twice: the first time when Ag is 0 and the second time 
when Ay is |. With this in mind, the following rules can be applied (Y is the output, and Ap 
is the least significant bit): 


1. If Y = O both times a given data input is selected by a certain combination of the 
input variables, A;A,A,, connect that data input to ground (0). 


2. If Y = 1 both times a given data input is selected by a certain combination of the 
input variables, A3A,A,, connect the data input to + V (1). 


3. If Y is different the two times a given data input is selected by a certain 
combination of the input variables, A;A,A,, and if Y = Ap, connect that data input 
to Ap. 


4. If Y is different the two times a given data input is selected by a certain 
combination of the input variables, A,A,A,, and if Y=Ao, connect that data input 
to Ao. 


—— $$$ 





P| EXAMPLE 6-17 
Implement the logic function in Table 6—10 by using a 74LS151 8-input data 
selector/multiplexer. Compare this method with a discrete logic gate 
implementation. 


Solution The data-select inputs are A3A,A,. In the first row of the table, A,A,A, = 000 and 
Y = Ap. In the second row, where A3A,A, again is 000, Y = Ap. Thus, Ag is 
| connected to the 0 input. In the third row of the table, A,A,A; = 001 and Y =Aq. 
| Also, in the fourth row, when A3A,A, again is 001, Y=Ap. Thus, Ao is inverted and 
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» TABLE 6-10 


| DECIMAL INPUTS OUTPUT 
DIGIT A, A, Y 




















0 0 0 0 0 0 
i 0 0 0 I i 
2 0 0 ] 0 1 
3 0 0 I I 0 
4 0 0 0 0 
@ 0 1 0 1 1 
6 0 1 0 1 
7 0 1 | 1 
8 I 0 0 0 ] 
9 1 0 0 ] 0 
10 0 0 i 
11 I 0 i 1 0 
12 I I 0 0 I 
13 i 1 0 1 1 
14 I ] I 0 0 
15 I I ] ] i 


connected to the 1 input. This analysis is continued until each input is properly 
connected according to the specified rules. The implementation is shown in 
Figure 6-54. 


» FIGURE 6-54 
Data selector/multiplexer 


connected as a 4-variable logic 
function generator. 


y = AzAnAAp + A3A,A\Ag + AzA,A Ag 
5 A3A7A Ao + A3ArA Ao + A3A,A\Ap 
+ AsA Aly t AgAnAjAn + Agha Ay 


+ A3A,A\Ap 





74LS151 


If implemented with logic gates, the function would require as many as ten 4-input 
AND gates, one 10-input OR gate, and four inverters, although possible simplification 
would reduce this requirement. 


Related Problem In Table 6—10, if Y = 0 when the inputs are all zeros and is alternately a | and a 0 for 
the remaining rows in the table, use a 74LS151 to implement the resulting logic 
function. 
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| [section 6-8 | 
| REVIEW 1. In Figure 6-47, Dy = 1, D, = 0, D, = 1, D3 = 0, Sy = 1, and 5, = 0. What is the | 


output? 
2. Identify each device. 
(a) 74LS157 (b) 7415151 


3. A 74LS151 has alternating LOW and HIGH levels on its data inputs beginning with 
D> = 0. The data-select lines are sequenced through a binary count (000, 001, 010, 
and so on) at a frequency of 1 kHz. The enable input is LOW. Describe the data 
output waveform. 

4. Briefly describe the purpose of each of the following devices in Figure 6—52: 


(a) 7415157. = (b) 741547. ~— (c):74LS139 





DEMULTIPLEXERS 


A demultiplexer (DEMUX) basically reverses the multiplexing function. It takes 
digital information from one line and distributes it to a given number of output lines. 
For this reason, the demultiplexer is also known as a data distributor. As you will 
learn, decoders can also be used as demultiplexers. 


After completing this section, you should be able to 


= Explain the basic operation of a demultiplexer ™ Describe how the 74HC154 
4-line-to-16-line decoder can be used as a demultiplexer ™ Develop the timing 
diagram for a demultiplexer with specified data and data selection inputs 


In a demultiplexer, data goes Figure 6—55 shows a |-line-to-4-line demultiplexer (DEMUX) circuit. The data-input 

from one line to several lines. line goes to all of the AND gates. The two data-select lines enable only one gate at a time, 
and the data appearing on the data-input line will pass through the selected gate to the as- 
sociated data-output line. 


» FIGURE 6-55 Data 
A 1-line-to-4-line demultiplexer. maput Do 
D 
Data 
So output 
Select D lines 
lines é 
Ss; 
D3 


EXAMPLE 6-18 reais ae aoe oe er = 
The serial data-input waveform (Data in) and data-select inputs (Sj and S;) are shown 


in Figure 6-56. Determine the data-output waveforms on Dy through D; for the 
demultiplexer in Figure 6—55. 


Solution 


Related Problem 


» FIGURE 6-56 
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Notice that the select lines go through a binary sequence so that each successive input 
bit is routed to Dp, D,, D>, and D; in sequence, as shown by the output waveforms in 


Figure 6—56. 


Develop the timing diagram for the demultiplexer if the Sy and S$, waveforms are both 


inverted. 





We have already discussed the 74HC154 decoder in its application as a 4-line-to-16-line 
decoder (Section 6—5). This device and other decoders can also be used in demultiplexing 
applications. The logic symbol for this device when used as a demultiplexer is shown in 
Figure 6—57. In demultiplexer applications, the input lines are used as the data-select lines. 
One of the chip select inputs is used as the data-input line, with the other chip select input 
held LOW to enable the internal negative-AND gate at the bottom of the diagram.This de- 
vice may be available in other CMOS or TTL families. Check the Texas Instruments web- 
site at www.ti.com or the TI CD-ROM accompanying this book. 
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«@ FIGURE 6-57 


The 74HC154 decoder used as a 
demultiplexer. 





342 @ FUNCTIONS OF COMBINATIONAL LOGIC 


| [secrion 6-9 
| PREVIEW 


1. Generally, how can an decoder be used as a demultiplexer? 

2. The 74HC154 demultiplexer in Figure 6-57 has a binary code of 1010 on the 
data-select lines, and the data-input line is LOW. What are the states of the 
output lines? 


6-10 | PARITY GENERATORS/CHECKERS 


A parity bit indicates if the 
number of 1s in a code is even or 
odd for the purpose of error 
detection. 


Errors can occur as digital codes are being transferred from one point to another 
within a digital system or while codes are being transmitted from one system to 
another. The errors take the form of undesired changes in the bits that make up the 
coded information; that is, a 1 can change to a O, or a0 to a 1, because of component 
malfunctions or electrical noise. In most digital systems, the probability that even a 
single bit error will occur is very small, and the likelihood that more than one will 
occur is even smaller. Nevertheless, when an error occurs undetected, it can cause 
serious problems in a digital system. 


After completing this section, you should be able to 


= Explain the concept of parity ® Implement a basic parity circuit with exclusive-OR 
gates ™ Describe the operation of basic parity generating and checking logic 

= Discuss the 74LS280 9-bit parity generator/checker ®™ Discuss how error detection 
can be implemented in a data transmission 


The parity method of error detection in which a parity bit is attached to a group of in- 
formation bits in order to make the total number of Is either even or odd (depending on the 
system) was covered in Chapter 2. In addition to parity bits, several specific codes also pro- 
vide inherent error detection. 


Basic Parity Logic 


In order to check for or to generate the proper parity in a given code, a basic principle can 
be used: 


The sum (disregarding carries) of an even number of Is is always 0, and the sum 
of an odd number of Is is always 1. 


Therefore, to determine if a given code has even parity or odd parity, all the bits in that 
code are summed. As you know, the sum of two bits can be generated by an exclusive-OR 
gate, as shown in Figure 6—58(a); the sum of four bits can be formed by three exclusive-OR 
gates connected as shown in Figure 6—58(b); and so on. When the number of 1s on the in- 
puts is even, the output X is 0 (LOW). When the number of Is is odd, the output X is 1 
(HIGH). 


> FIGURE 6-58 re 


Ay A, 
3 4 
A A; 


(a) Summing of two bits (b) Summing of four bits 
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The logic symbol and function table for a 74LS280 are shown in Figure 6—59. This partic- 
ular device can be used to check for odd or even parity on a 9-bit code (eight data bits and 
one parity bit) or it can be used to generate a parity bit for a binary code with up to nine bits. 
The inputs are A through J; when there is an even number of Is on the inputs, the 2 Even 
output is HIGH and the © Odd output is LOW. This device may be available in other TTL 
or CMOS families. Check the Texas Instruments website at www.ti.com or the TI CD-ROM 
accompanying this book. 














A 
B 
G 
Data D > Even 
input E x Odd 
. Number of Inputs 
G A-| That Are HIGH yay) >) Olea 
a 0, 2, 4, 6, 8 H L 
1 3,5,7,9 L H 
(a) Traditional logic symbol (b) Function table 


& FIGURE 6-59 
The 74LS280 9-bit parity generator/checker. 


Parity Checker When this device is used as an even parity checker, the number of input 
bits should always be even; and when a parity error occurs, the 2 Even output goes LOW 
and the 2 Odd output goes HIGH. When it is used as an odd parity checker, the number of 
input bits should always bé odd; and when a parity error occurs, the 2 Odd output goes 
LOW and the 2 Even output goes HIGH. 


Parity Generator If this device 1s used as an even parity generator, the parity bit is taken 
at the & Odd output because this output is a 0 if there is an even number of input bits and it 
is a 1 if there is an odd number. When used as an odd parity generator, the parity bit is taken 
at the & Even output because it is a 0 when the number of inputs bits is odd. 


_A Data Transmission System with Error Detection 


A simplified data transmission system is shown in Figure 6—60 to illustrate an application 
of parity generators/checkers, as well as multiplexers and demultiplexers, and to illustrate 
the need for data storage in some applications. 

In this application, digital data from seven sources are multiplexed onto a single line for 
transmission to a distant point. The seven data bits (Dp through Dg) are applied to the mul- 
tiplexer data inputs and, at the same time, to the even parity generator inputs. The & Odd 
output of the parity generator is used as the even parity bit. This bit is 0 if the number of Is 
on the inputs A through / is even and is a 1 if the number of Is on A through / is odd. This 
bit is D, of the transmitted code. 

The data-select inputs are repeatedly cycled through a binary sequence, and each data 
bit, beginning with Dp, is serially passed through and onto the transmission line (Y). In 
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COMPUTER NOTE 





The Pentium microprocessor 
performs internal parity checks as 
well as parity checks of the external 
data and address buses. In a read 
operation, the external system can 
transfer the parity information 
together with the data bytes. The 
Pentium checks whether the 
resulting parity is even and sends out 
the corresponding signal. When it 
sends out an address code, the 
Pentium does not perform an address 
parity check, but it does generate an 
even parity bit for the address. 
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Four-conductor transmission line 


Error gate 






Error = | 









74LS 138 
Even parity bit (D-) 
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(74LS280) *Storage devices are introduced in (74LS280) 


Chapter 9 and used in other later chapters. 


A FIGURE 6-60 


Simplified data transmission system with error detection. 


this example, the transmission line consists of four conductors: one carries the serial data 
and three carry the timing signals (data selects). There are more sophisticated ways of 
sending the timing information, but we are using this direct method to illustrate a basic 
principle. 

At the demultiplexer end of the system, the data-select signals and the serial data 
stream are applied to the demultiplexer. The data bits are distributed by the demultiplexer 
onto the output lines in the order in which they occurred on the multiplexer inputs. That 
is, Dp comes out on the Dy, output, D,; comes out on the D, output, and so on. The parity 
bit comes out on the D, output. These eight bits are temporarily stored and applied to the 
even parity checker. Not all of the bits are present on the parity checker inputs until the 
parity bit D; comes out and is stored. At this time, the error gate is enabled by the data- 
select code 111. If the parity is correct, a 0 appears on the X Even output, keeping the 
Error output at 0. If the parity is incorrect, all 1s appear on the error gate inputs, and a 
I on the Error output results. 
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This particular application has demonstrated the need for data storage so that you will 
be better able to appreciate the usefulness of the storage devices that will be introduced in 
Chapter 7 and used in other later chapters. 

The timing diagram in Figure 6—61 illustrates a specific case in which two 8-bit words 
are transmitted, one with correct parity and one with an error. 


OW > 264 896 7 sO Tt 234.5 6 3 < FIGURE 6-61 
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| [section 6-10 oe ; | 
| REVIEW 1. Add an even parity bit to each of the following codes: 


(a) 110100 (b) 01100011 
2. Add an odd parity bit to each of the following codes: 
(a) 1010101 (b) 1000001 


3. Check each of the even parity codes for an error. 
(a) 100010101 (b) 1110111001 


e11 TROUBLESHOOTING 


In this section, the problem of decoder glitches is introduced and examined from a 
troubleshooting standpoint. A glitch is any undesired voltage or current spike (pulse) 
of very short duration. A glitch can be interpreted as a valid signal by a logic circuit 
and may cause improper operation. 


After completing this section, you should be able to 


= Explain what a glitch is ™ Determine the cause of glitches in a decoder application 
= Use the method of output strobing to eliminate glitches 





The 74LS138 was used as a DEMUX in the data transmission system in Figure 6—60. 
Now the 74HC138 is used as a 3-line-to-8-line decoder (binary-to-octal) in Figure 6—62 to 
illustrate how glitches occur and how to identify their cause. The A,A,Ap inputs of the de- 
coder are sequenced through a binary count, and the resulting waveforms of the inputs and 
outputs can be displayed on the screen of a logic analyzer, as shown in Figure 6—62. A, tran- 
sitions are delayed from A, transitions and A, transitions are delayed from Ag transitions. 
This commonly occurs when waveforms are generated by a binary counter, as you will learn 
in Chapter 8. 

The output waveforms are correct except for the glitches that occur on some of the out- 
put signals. A logic analyzer or an oscilloscope can be used to display glitches, which are 
normally very difficult to see. Generally, the logic analyzer is preferred, especially for low 
repetition rates (less than 10 kHz) and/or irregular occurrence because most logic ana- 
lyzers have a glitch capture capability. Oscilloscopes can be used to observe glitches with 


346 =& FUNCTIONS OF COMBINATIONAL LOGIC 
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reasonable success, particularly if the glitches occur at a regular high repetition rate 
(greater than 10 kHz). 

The points of interest indicated by the highlighted areas on the input waveforms in 
Figure 6—62 are displayed as shown in Figure 6—63. At point | there is a transitional state 
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& FIGURE 6-63 





Decoder waveform displays showing how transitional input states produce glitches in the output 
waveforms. 
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of 000 due to delay differences in the waveforms. This causes the first glitch on the 0 out- 
put of the decoder. At point 2 there are two transitional states, 010 and 000. These cause the 
glitch on the 2 output of the decoder and the second glitch on the 0 output, respectively. At 
point 3 the transitional state is 100, which causes the first glitch on the 4 output of the de- 
coder. At point 4 the two transitional states, 110 and 100, result in the glitch on the 6 out- 
put and the second glitch on the 4 output, respectively. 

One way to eliminate the glitch problem is a method called strobing, in which the de- 
coder is enabled by a strobe pulse only during the times when the waveforms are not in tran- 
sition. This method is illustrated in Figure 6—64. 


ce «@ FIGURE 6-64 
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[SECTION 6-11 | 
| [REVIEW 1. Define the term glitch. | 


2. Explain the basic cause of glitches in decoder logic. | 
3. Define the term strobe. 


| 
} 
i 


Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 





In addition to glitches that are the result of propagation delays, as you have seen in the 
case of a decoder, other types of unwanted noise spikes can also be a problem. Current 
and voltage spikes on the Vcc and ground lines are caused by the fast switching waveforms 
in digital circuits. This problem can be minimized by proper printed circuit board layout. 
Switching spikes can be absorbed by decoupling the circuit board with a 1 uF capacitor 
from Vcc to ground. Also, smaller decoupling capacitors (0.022 uF to 0.1 pF) should be 
distributed at various points between Vcc and ground over the circuit board. Decoupling 
should be done especially near devices that are switching at higher rates or driving more 
loads such as oscillators, counters, buffers, and bus drivers. 
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DIGITAL SYSTEM 
APPLICATION 


In this digital system application, you 
begin working with a traffic light control 
system. In this section, the system 
requirements are established, a general 
block diagram is developed, and a state 
diagram is created to define the sequence 
of operation. A portion of the system 
involving combinational logic is designed 
and methods of testing are considered. 
The timing and sequential portions of the 
system will be dealt with in Chapters 7 
and 8. 


General System Requirements 


A digital controller is required to control a 
traffic light at the intersection of a busy 
main street and an occasionally used side 
street. The main street is to have a green 
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i light for a minimum of 25 s or as long as 


there is no vehicle on the side street. The 
side street is to have a green light until 
there is no vehicle on the side street or for 
a maximum of 25 s. There is to bea 4s 
caution light (yellow) between changes 
from green to red on both the main street 
and on the side street. These requirements 
are illustrated in the pictorial diagram in 
Figure 6—65. 


Developing a Block 
Diagram of the System 


From the requirements, you can develop a 
block diagram of the system. First, you 
know that the system must control six 
different pairs of lights. These are the red, 
yellow, and green lights for both directions 
on the main street and the red, yellow, 
and green lights for both directions on the 
side street. Also, you know that there is 
one external input (other than power) 
from a side street vehicle sensor. Figure 
6—66 is a minimal block diagram showing 
these requirements. 

Using the minimal system block 
diagram, you can begin to fill in the 
details. The system has four states, as 
indicated in Figure 6—65, so a logic circuit 
is needed to control the sequence of 
states (sequential logic). Also, circuits are 
needed to generate the proper time 


ee ee ee ee 


ee ee 


intervals of 25 s and 4s that are required 
in the system and to generate a clock 
signal for cycling the system (timing 
circuits). The time intervals (long and 
short) and the vehicle sensor are inputs 
to the sequential logic because the 
sequencing of states is a function of these 
variables. Logic circuits are also needed to 
determine which of the four states the 
system is in at any given time, to generate 
the proper outputs to the lights (state 
decoder and light output logic), and to 
initiate the long and short time intervals. 
Interface circuits are included in the 
traffic light and interface unit to convert 
the output levels of the light output logic 
to the voltages and currents required to 
turn on each of the lights. Figure 6—67 is 
a more detailed block diagram showing 
these essential elements. 


The State Diagram 


A state diagram graphically shows the 
sequence of states in a system and the 
conditions for each state and for 
transitions from one state to the next. 
Actually, Figure 6—65 is a form of state 
diagram because it shows the sequence of 
states and the conditions. 


Definition of Variables Before a tradi- 


tional state diagram can be developed, 





First state: 25 seconds 
minimum or as long as 
there is no vehicle on 


side street 


A” FIGURE 6-65 


Second state: 4 seconds 


maximum or until 


there is no vehicle on 


side street 


Third state: 25 seconds 


Fourth state: 4 seconds 





Requirements for the traffic light sequence. 


» FIGURE 6-66 





A minimal system block diagram. 
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sensor 


DIGITAL SYSTEM APPLICATION ® 349 


Traffic light and 
interface unit 


pUmena ASIEN RIE NRT NEES HERE TANT OS EE EE 












rene 





Traffic light control logic 


5 
: 
: 
| 
: 
Red | 
Yellow | 
Green 
Red 
Yellow 


Green 





cag 
AS ena baal payee eed faeces an ae CANAAN tls anaml tna eared oe yt ee Bad nt agabin call aman taeatacrm ea hadnt ete ret RET T TON EI SaaS 





Traffic light control logic Traffic light and 


Vehicle 
sensor 
input 





timer timer 










Sequential logic 


Short Long Clock 


Timing circuits 


Gray 


interface unit 


PNAS STENT EIR ATE MY IDSA ERATE 










Combinational logic 


diesen 






Red 






Main< Yellow 











Green 


Red 





Side < Yellow 


Green 





Long trigger 





Short trigger 





| 
| 
f 
: 
| 
: 
| 


ae eae 


eg Completed in this chapter ed Completed in Chapter 7 eal Completed in Chapter 8 


« FIGURE 6-67 


System block diagram showing the essential elements. 


the variables that determine how the sys- 
tem sequences through its states must be 
defined. These variables and their symbols 
are listed as follows: 


FO 8 me ee da aes te hore ke Lee ay tae mk att hae oe Soe 


= Vehicle present on side street = V, The use of complemented variables 


= 25 s timer (| amen 7 indicates the opposite conditions. For 
Pe ES et example, V, indicates that there is no 


= 45 timer (short timer) is on = T; vehicle on the side street, T, indicates the 
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long timer is off, T; indicates the short system remains in this state for 4 s when the 


short timer is on (T;) and goes to the next 
| state when the short timer goes off (Ts). 


timer is off. 


Description of the State Diagram A 


state diagram is shown in Figure 6-68. Each 7 Third state The Gray code for this state 


of the four states is labeled according to is 11. The main street light is red and the 


the 2-bit Gray code sequence, as indicated side street light is green. The system re- 


; mains in thi hen the | imer i 
by the circles. The looping arrow at each mains in this state when the long timer Is 


state indicates that the system remains in , oland tetas a vehicle on the sidestect 
that state under the condition defined by 


the associated variable or expression. Each 


| (T.V,). The system goes to the next state 
: when the 25 s have elapsed or when there 
:_ isno vehicle on the side street, whichever 


of the arrows going from one state tothe: aes ia 
: comes first (T, + V,). 


next indicates a state transition under the 
| Fourth state The Gray code for this 
! state is 10. The main street light is red 


condition defined by the associated vari- 
able or expression. 


: and the side street light is yellow. The 
First state The Gray code for this state; as . pee 
' system remains in this state for 4 s when 


is 00. The main street light is green and the | 

eae heey __ | the short timer is on (T;) and goes back 
side street light is red. The system remains e j 
‘ to the first state when the short timer 


in this state for at least 25 s when the long : eaciult (T,). 


timer is on or as long as there is no vehicle 
on the side street (7, + V,). The system 


' The Combinational Logic 
goes to the next state when the 25 s timer 


is off and there is a vehicle on the side | The focus in this chapter's system 


street (T.V,). : application is the combinational logic 


3 portion of the block diagram of Figure 
Second state The Gray code for this | 6-67. The timing and the sequential logic 
state is 01. The main street light is yellow | circuits will be the subjects of the system 


(caution) and the side street light is red. The i application sections in Chapters 7 and 8. 


» FIGURE 6-68 


State diagram for the traffic light 
control system showing the Gray 


T+ V. 














code sequence. 
First state 
00 
Main: green 
Side: red 






Fourth state 
10 
Main: red 
Side: yellow 








Third state 
1] 
Main: red 
Side:green 


TV. 


A block diagram for the combinational 


| logic portion of the system is developed as 
! the first step in designing the logic. The 

! three functions that this logic must perform 
' are defined as follows, and the resulting 

| diagram with a block for each of the three 
! functions is shown in Figure 6-69: 


! ™ State Decoder Decodes the 2-bit 


Gray code from the sequential logic to 
determine which of the four states the 
system is in. 


| = Light Output Logic Uses the 


decoded state to activate the 
appropriate traffic lights for the main 
and side street light units. 


! = Trigger Logic Uses the decoded 


states to produce signals for properly 
initiating (triggering) the long timer 
and the short timer. 


: Implementation of the 
: Combinational Logic 


! Implementing the Decoder Logic The 
' state decoder portion has two inputs 


(2-bit Gray code) and an output for each 








Second state 
01 
Main: yellow 
Side: red 


Ts 
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& FIGURE 6-69 


Block diagram of the combinational logic. 


’» FIGURE 6-70 


The state decoder logic. So ni 

e state decoder logic cae ae SO, 
state inputs 
5; 
SO, 
State outputs 
SO; 
SO, 
of the four states, as shown in Figure 6-70. ! Implementing the Light Output Logic | SR = $O, + SO, 

The two Gray code inputs are designated | The light output logic takes the four ; SY = SO, 

$y and S$, and the four state outputs are : state outputs and produces six outputs : seo 
labeled SO,, 50>, SO3, and SO,. The | for activating the traffic lights. These ° 


Boolean expressions for the state outputs | outputs are designated MR, MY, MG (for ! The output logic is implemented as shown 


are as follows: main red, main yellow, and main green) ! in Figure 6—71. 
' and SR, SY, SG (for side red, side yellow, 
SO, = 5S. : and side green). Referring to the truth ! Implementing the Trigger Logic The 
6. 2 65 : table in Table 6-11, you can see that the | _. 
2 10 Dea Toke aeoat. : 4 : trigger logic produces two outputs. The 
50, = SS. DE Ue | long output is a LOW-to-HIGH transition 
50, = 55, | MR = SO; + SO, : that triggers the we s pene circuit wien 
; :_ the system goes into the first (00) or third 
The truth table for this state decoder logic | MY = 50% ' states (11). The short output is a LOW-to- 


is shown in Table 6-11. | MG = SO, ' HIGH transition that triggers the 4 s timing 
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TABLE 6-11 


Truth table for the combinational logic. 


STATE INPUTS STATE OUTPUTS LIGHT OUTPUTS TRIGGER OUTPUTS 







S. ie SO, SO, 50. 50, MR MY MG SR SY SG | LONG SHORT 












0 0 1 0 0 0 0 0 i I 0 0 ] 0 
0 1 0 ] 0 0 0 0 ] 0 0 0 1 
1 0 0 i 0 i 0 0 0 0 i 1 0 
| 0 0 0 0 l 1 0 0 0 ] 0 0 1 
State outputs are active-HIGH and light outputs are active-HIGH. MR stands for main street red, SG for side street green, etc. 
SO, 
MR 
SO> MY 
MG 
SO, SR 
SY 
SG 
FIGURE 6-71 
The light output logic. 
SO, yp SO; 
Long Long 
SO, SO; 
SO> " | 
SO, —_ os rhe ti 
(a) (b) 
FIGURE 6-72 
The trigger logic. 
circuit when the system goes into the sec-__| implemented with one OR gate andone =} — combinational logic and develop all of 
ond (01) or fourth (10) states. The trigger | inverter, as shown in part (b). | the output waveforms. 
eumue are shown in Table 6-11 and in | (aie ens the pompiete ; ai Acta 2 Show howvod"would 
equation form as follows: combinational logic that combines the 


implement the combinational logic 


| state decoder, light output logic, and with TOO functions. 


Long trigger = SO, + SO; 


! trigger logic. 
Se ee a as : = Optional Activity Write a VHDL program 
The trigger logic is shown in Figure | System Assignment | describing the combinational logic. 
6-72(a). Table 6-11 also shows that the eS aE ACA a A Te OAL 
Long output and the Short output are | ® Activity 1 Apply waveforms for the 2-bit ! 


complements, so the logic can also be ! Gray code on the 5S, and S, inputs of the | 


So > - 
Gray code 
state inputs 


, 


« FIGURE 6-73 


The complete combinational logic. 
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MR 

Main light 
MY group output 
MG 
SR 

Side light 
SY group output 
SG 


Long trigger 


Short trigger 





= Half-adder and full-adder operations are summarized in Figure 6—74. 


= Logic symbols with pin numbers for the ICs used in this chapter are shown in Figure 6—75. Pin 
designations may differ from some manufacturers’ data sheets. 


m Standard logic functions from the 74XX series are available for use in a programmable logic 


design. 


» FIGURE 6-74 
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74LS151 74HC154 74HC157 74LS280 74LS283 
8-input data selector/multiplexer l-of-16-line decoder Quad 2-input data selector/multiplexer 9-bit parity generator/checker 4-bit adder 


A FIGURE 6-75 


PKEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Cascading Connecting the output of one device to the input of a similar device, allowing one device 
to drive another in order to expand the operational capability. 


Decoder A digital circuit that converts coded information into a familiar or noncoded form. 


Demultiplexer (DEMUX) A circuit that switches digital data from one input line to several output 
lines in a specified time sequence. 


Encoder A digital circuit that converts information to a coded form. 
Full-adder A digital circuit that adds two bits and an input carry to produce a sum and an output carry. 
Glitch A voltage or current spike of short duration, usually unintentionally produced and unwanted. 


Half-adder A digital circuit that adds two bits and produces a sum and an output carry. It cannot han- 
dle input carries. 

Look-ahead carry A method of binary addition whereby carries from preceding adder stages are an- 
ticipated, thus eliminating carry propagation delays. 

Multiplexer (MUX) A circuit that switches digital data from several input lines onto a single output 
line in a specified time sequence. 


Parity bit A bit attached to each group of information bits to make the total number of 1s odd or even 
for every group of bits. 
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Priority encoder An encoder in which only the highest value input digit is encoded and any other ac- 
tive input is ignored. 


Ripple carry A method of binary addition in which the output carry from each adder becomes the in- 
put carry of the next higher-order adder. 


SEP TEST == Answers are at the end of the chapter. 


1. A half-adder is characterized by 
(a) two inputs and two outputs (b) three inputs and two outputs 
(c) two inputs and three outputs = (d) two inputs and one output 
2. A full-adder is characterized by 
(a) two inputs and two outputs (b) three inputs and two outputs 
(c) two inputs and three outputs (d) two inputs and one output 
3. The inputs to a full-adder are A = 1, B = 1, C,, = O. The outputs are 
(a) Y= 1, Cyr = 1 (b) Y= 1, Cy = 0 
(ce) 2= 0, Cy = 1 (d) 2 = 0, Coy = 0 
4. A 4-bit parallel adder can add 
(a) two 4-bit binary numbers (b) two 2-bit binary numbers 
(c) four bits at a time (d) four bits in sequence 
5. To expand a 4-bit parallel adder to an 8-bit parallel adder, you must 
(a) use four 4-bit adders with no interconnections 
(b) use two 4-bit adders and connect the sum outputs of one to the bit inputs of the other 
(c) use eight 4-bit adders with no interconnections 


(d) use two 4-bit adders with the carry output of one connected to the carry input of the 
other 


6. If a 74HC85 magnitude comparator has A = 1011 and B = 1001 on its inputs, the outputs are 
(a) A>B=0,A<B=1,A=B=0 (b) A>B=1,A<B=0,A=B=0 
(c) A>B=1,A<B=1,A=B=0 (d) A>B=0,A<B=0,A=B=1 


7. Ifa 1-of-16 decoder with active-LOW outputs exhibits a LOW on the decimal 12 output, what 
are the inputs? 


(a) AjA,A,A, = 1010 (b) A3A,A,Ap = 1110 
(c) A;A,A,Ap, = 1100 (d) A3A,A,;Ap = 0100 

8. A BCD-to-7 segment decoder has 0100 on its inputs. The active outputs are 
@acgig 0) 5¢7,¢ (©bagef (dd) b,de,¢ 


9. If an octal-to-binary priority encoder has its 0, 2, 5, and 6 inputs at the active level, the active- 
HIGH binary output is 


(a) 110 (b) 010 (c) 101 (d) 000 
10. In general, a multiplexer has 
(a) one data input, several data outputs, and selection inputs 
(b) one data input, one data output, and one selection input 
(c) several data inputs, several data outputs, and selection inputs 
(d) several data inputs, one data output, and selection inputs 
11. Data selectors are basically the same as 
(a) decoders (b) demultiplexers (c) multiplexers (d) encoders 
12. Which of the following codes exhibit even parity? 
(a) 10011000 (b) 01111000 oy CALA 
(d) 11010101 (e) all (f) both answers (b) and (c) 
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PPROBLEMS. ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 6-1 _ Basic Adders 
1. For the full-adder of Figure 6-4, determine the logic state (1 or 0) at each gate output for the 
following inputs: 
(a) A=1,B=1,C, = 1 (b) A=0,B=1,C,, = 1 (c) A=0,B=1,C,,=0 
2. What are the full-adder inputs that will produce each of the following outputs: 
(a) =0, Cy, = 0 (b) = 1,C,,, = 0 
(eq) > = 1,C,7=1 (d) 2=0, Cy = 1 
3. Determine the outputs of a full-adder for each of the following inputs: 
(a) A= 1,B=0,C,, = 0 (b) A=0,B =0,C,, = 1 
(c) A=0,B=1,C, = 1 (d) A=1,B=1,C,, = 1 


SECTION 6-2 Parallel Binary Adders 


4. For the parallel adder in Figure 6—76, determine the complete sum by analysis of the logical 
operation of the circuit. Verify your result by longhand addition of the two input numbers. 


» FIGURE 6-76 





» FIGURE 6-77 1 O 0 0 ia O04 eae 
ABP CS AOR CF Ave O) A BOC, Ape.) 
Cont py Cant x Cout x Cont x Cout x 
X% Xs dX4 24 x x; 


6. The input waveforms in Figure 6—78 are applied to a 2-bit adder. Determine the waveforms for 
the sum and the output carry in relation to the inputs by constructing a timing diagram. 


» FIGURE 6-78 A, 


SECTION 6-3 


SECTION 6-4 


» FIGURE 6-79 


» FIGURE 6-80 
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7. The following sequences of bits (right-most bit first) appear on the inputs to a 4-bit parallel 
adder. Determine the resulting sequence of bits on each sum output. 


A, 1001 
A, 1110 
Ay 0000 
Ay 1011 
B, ji 
B, 1100 
B, 1010 
B, 0010 


8. In the process of checking a 74LS283 4-bit parallel adder, the following voltage levels are 
observed on its pins: 1-HIGH, 2-HIGH, 3-HIGH, 4-HIGH, 5-LOW, 6-LOW, 7-LOW, 9-HIGH, 
10-LOW, 11-HIGH, 12-LOW, 13-HIGH, 14-HIGH, and 15-HIGH. Determine if the IC is 
functioning properly. 


Ripple Carry Versus Look-Ahead Carry Adders 


9. Each of the eight full-adders in an 8-bit parallel ripple carry adder exhibits the following 
propagation delays: 


Atoxand Cy: 40 ns 
Bto dt and C,,, 40 ns 
G tok 35n5 
7.10%, «20.08 


Determine the maximum total time for the addition of two 8-bit numbers. 


10. Show the additional logic circuitry necessary to make the 4-bit look-ahead carry adder in 
Figure 6—18 into a 5-bit adder. 


Comparators 


11. The waveforms in Figure 6—79 are applied to the comparator as shown. Determine the output 
(A = B) waveform. 





12. For the 4-bit comparator in Figure 6—80, plot each output waveform for the inputs shown. The 
outputs are active-HIGH. 





74HC85 
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13. For each set of binary numbers, determine the output states for the comparator of Figure 6—22. 


(a) A,AsA,Ay = 1100 — (B) AyA,A,Ay = 1000 —(€) A3A,A,Ay = 0100 
BBB Bo = 1001 B;B,B Bo = 1011 BBB, Bo = 0100 


SECTION 6-5 Decoders 


» FIGURE 6-81 


» FIGURE 6-82 


14. When a HIGH is on the output of each of the decoding gates in Figure 6-81, what is the binary 


code appearing on the inputs? The MSB is A3. 


16. 
17. 


18. 


19. 


(d) 


Show the decoding logic for each of the following codes if an active-HIGH (1) output is 
required: 

(a) 1101 (b) 1000 (c) 11011 (d) 11100 

(e) 101010 (f) 111110 (g) 000101 (h) 1110110 

Solve Problem 15, given that an active-LOW (0) output is required. 

You wish to detect only the presence of the codes 1010, 1100, 0001, and 1011. An active- 
HIGH output is required to indicate their presence. Develop the minimum decoding logic with 
a single output that will indicate when any one of these codes is on the inputs. For any other 
code, the output must be LOW. 


If the input waveforms are applied to the decoding logic as indicated in Figure 6—82, sketch 
the output waveform in proper relation to the inputs. 


BCD numbers are applied sequentially to the BCD-to-decimal decoder in Figure 6-83. Draw a 
timing diagram, showing each output in the proper relationship with the others and with the 
inputs. 


» FIGURE 6-83 


» FIGURE 6-84 


SECTION 6-6 


SECTION 6-7 
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Ay | | | | | | 4 
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l l | | | | | | | | Ay 

A» | | | | | | | | | | h:, 
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A 

| | l l | | Ai3 

A; 


74HC42 


20. A 7-segment decoder/driver drives the display in Figure 6—84. If the waveforms are applied as 
indicated, determine the sequence of digits that appears on the display. 


Ay (ge) r BCD/7-seg 





Encoders 


21. For the decimal-to-BCD encoder logic of Figure 6-38, assume that the 9 input and the 3 input 
are both HIGH. What is the output code? Is it a valid BCD (8421) code? 


22. A 74HC147 encoder has LOW levels on pins 2, 5, and 12. What BCD code appears on the 
outputs if all the other inputs are HIGH? 


Code Converters 
23. Convert the following decimal numbers to BCD and then to binary. 
(a) 2 (b) 8 (c) 13 (d) 26 (e) 33 


24. Show the logic required to convert a 10-bit binary number to Gray code, and use that logic to 
convert the following binary numbers to Gray code: 


(a) 1010101010 (b) 1111100000 (c) 0000001110 (d) 1111111111 


25. Show the logic required to convert a 10-bit Gray code to binary, and use that logic to convert 
the following Gray code words to binary: 


(a) 1010000000 (b) 0011001100 (c) 1111000111 (d) 0000000001 
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SECTION 6-8 Multiplexers (Data Selectors) 


26. For the multiplexer in Figure 6-85, determine the output for the following input states: 
Do = 0, D; — 1, D, = 1, D3 = 0, So = 1, S, = 0. 


» FIGURE 6-85 





27. If the data-select inputs to the multiplexer in Figure 6—85 are sequenced as shown by the 
waveforms in Figure 6-86, determine the output waveform with the data inputs specified in 
Problem 26. 


> FIGURE 6-86 Sp acide nae aes i jac ess 
| 
| 
| 


28. The waveforms in Figure 6-87 are observed on the inputs of a 74LS151 8-input multiplexer. 
Sketch the Y output waveform. 


» FIGURE 6-87 
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SECTION 6-9 Demultiplexers 


29. Develop the total timing diagram (inputs and outputs) for a 74HC154 used in a demultiplexing 
application in which the inputs are as follows: The data-select inputs are repetitively 
sequenced through a straight binary count beginning with 0000, and the data input is a serial 
data stream carrying BCD data representing the decimal number 2468. The least significant 
digit (8) is first in the sequence, with its LSB first, and it should appear in the first 4-bit 
positions of the output. 


SECTION 6-10 


» FIGURE 6-88 


» FIGURE 6-89 


SECTION 6-11 
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Parity Generators/Checkers 


30. The waveforms in Figure 6—88 are applied to the 4-bit parity logic. Determine the output 
waveform in proper relation to the inputs. For how many bit times does even parity occur, and 
how is it indicated? The timing diagram includes eight bit times. 


Bit 
time 
| aie 
oes al a el a 
l l l l l l l l l 
l l l l 
Ay | l | l | | l 
| | l 

l l 
Ay | 


31. Determine the X Even and the X Odd outputs of a 74LS280 9-bit parity generator/checker for 
the inputs in Figure 6—89. Refer to the function table in Figure 6—59. 


Troubleshooting 


32. The full-adder in Figure 6—90 is tested under all input conditions with the input waveforms 
shown. From your observation of the and C,,,, waveforms, is it operating properly, and if not, 
what is the most likely fault? 





4 FIGURE 6-90 
Maes ak ee ae Ee ec ee ee ee ee ee ean ee ae 
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33. 





(a) 


List the possible faults for each decoder/display in Figure 6-91. 





(b) (c) 


4 FIGURE 6-91 


34. 


I 


Develop a systematic test procedure to check out the complete operation of the keyboard 
encoder in Figure 6-42. 


You are testing a BCD-to-binary converter consisting of 4-bit adders as shown in Figure 6-92. 
First verify that the circuit converts BCD to binary. The test procedure calls for applying BCD 
numbers in sequential order beginning with 0,) and checking for the correct binary output. 
What symptom or symptoms will appear on the binary outputs in the event of each of the 
following faults? For what BCD number is each fault first detected? 


(a) The A, input is open (top adder). 

(b) The C,,, is open (top adder). 

(c) The ¥, output is shorted to ground (top adder). 

(d) The 32 output is shorted to ground (bottom adder). 


» FIGURE 6-92 BCD tens digit BCD units digit 
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7-bit binary output 
For the display multiplexing system in Figure 6-52, determine the most likely cause or causes 
for each of the following symptoms: 
(a) The B-digit (MSD) display does not turn on at all. 
(b) Neither 7-segment display turns on. 


®» TABLE 6-12 








=e 
38. 


39. 
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(c) The f-segment of both displays appears to be on all the time. 
(d) There is a visible flicker on the displays. 
Develop a systematic procedure to fully test the 74LS151 data selector IC. 


During the testing of the data transmission system in Figure 6—60, a code is applied to the Dy 
through D, inputs that contains an odd number of Is. A single bit error is deliberately 
introduced on the serial data transmission line between the MUX and the DEMUX, but the 
system does not indicate an error (error output = 0). After some investigation, you check the 
inputs to the even parity checker and find that D, through D, contain an even number of Is, as 
you would expect. Also, you find that the D; parity bit is a 1. What are the possible reasons for 
the system not indicating the error? 


In general, describe how you would fully test the data transmission system in Figure 6—60, and 
specify a method for the introduction of parity errors. 


Digital System Application 


40. 


41. 


The light output logic can be implemented in the system application with fixed-function logic 
using a 74LS08 with the AND gates operating as negative-NOR gates. Use a 74LS00 (quad 
NAND gates) and any other devices that may be required to produce active-LOW outputs for 
the given inputs. 


Implement the light output logic with the 74LS00 if active-LOW outputs are required. 


Special Design Problems 


42. 


43. 


44. 


Modity the design of the 7-segment display multiplexing system in Figure 6—52 to 
accommodate two additional digits. 

Using Table 6—2, write the SOP expressions for the 2 and C,,, of a full-adder. Use a Karnaugh 
map to minimize the expressions and then implement them with inverters and AND-OR logic. 
Show how you can replace the AND-OR logic with 74LS151 data selectors. 


Implement the logic function specified in Table 6-12 by using a 74LS151 data selector. 





0 
0 
0 
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0 0 0 ] 
0 0 1 0 
0 1 0 i 
0 l 1 1 
i 0 0 0 
] 0 1 1 
0 0 
] 1 1 I 





364 


Conveyor 





control 


FUNCTIONS OF COMBINATIONAL LOGIC 


45. Using two of the 6-position adder modules from Figure 6-14, design a 12-position voting 
system. 


46. The adder block in the tablet-counting and control system in Figure 6—93 performs the 
addition of the 8-bit binary number from the counter and the 16-bit binary number from 
Register B. The result from the adder goes back into Register B. Use 74LS283s to implement 
this function and draw a complete logic diagram including pin numbers. Refer to Chapter 1 
system application to review the operation. 


47. Use 74HC85s to implement the comparator block in the tablet counting and control system in 
Figure 6-93 and draw a complete logic diagram including pin numbers. The comparator 
compares the 8-bit binary number (actually only seven bits are required) from the BCD-to- 
binary converter with the 8-bit binary number from the counter. 


48. Two BCD-to-7-segment decoders are used in the tablet-counting and control system in 
Figure 6—93. One is required to drive the 2-digit tablets/bottle display and the other to drive 
the 5-digit total tablets bottled display. Use 74LS47s to implement each decoder and draw a 
complete logic diagram including pin numbers. 
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49. The encoder shown in the system block diagram of Figure 6-93 encodes each decimal key 
closure and converts it to BCD. Use a 74HC147 to implement this function and draw a 
complete logic diagram including pin numbers. 
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50. The system in Figure 6—93 requires two code converters. The BCD-to-binary converter 
changes the 2-digit BCD number in Register A to an 8-bit binary code (actually only 7 bits 
are required because the MSB is always 0). Use appropriate IC code converters to 
implement the BCD-to-binary converter function and draw a complete logic diagram 
including pin numbers. 





51. Open file P06-51 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 

52. Open file P06-52 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 

53. Open file P06-53 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 

54. Open file P06-54 and test the logic circuit to determine if there is a fault. If there is a fault, 
identify it if possible. 





SECTION 6-1 


SECTION 6-2 


SECTION 6-3 


SECTION 6-4 


SECTION 6-5 


SECTION 6-6 


Basic Adders 
1. (a) L=1,C,, =0 (b) © = 0, Cy, = 0 
(c) E=1,Cy=0 @ ==0,C,=1 
2. 5=1,Cy,=1 


Parallel Binary Adders 
1. Contant dy = 11001 
2. Three 74LS283s are required to add two 10-bit numbers. 


Ripple Carry vs. Look-Ahead Carry Adders 
Poi St 
be Cig = 1 


Comparators 
1. A>B=1,A<B=0,A = B=0whenA = 1011 and B = 1010 
2. Right comparator: pin 7: A < B = 1; pin6:A = B=0; pin5:A>B=0 
Left comparator: pin 7: A < B = 0; pin6: A = B = 0; pin5: A>B= 1 


Decoders 
1. Output 5 is active when 101 is on the inputs. 
2. Four 74HC154s are used to decode a 6-bit binary number. 
3. Active-LOW output drives a common-cathode LED display. 


Encoders 
1. (a) Ay = 1,A,; = 1,A, = 0,A; = 1 
(b) No, this is not a valid BCD code. 
(c) Only one input can be active for a valid output. 
2 fa) AOA H 1A =H 1 A= 
(b) The output is 0111, which is the complement of 1000 (8). 
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SECTION 6-7 Code Converters 
1. 10000101 (BCD) = 1010101, 
2. An 8-bit binary-to-Gray converter consists of seven exclusive-OR gates in an arrangement like 
that in Figure 6-43. 


SECTION 6-8 Multiplexers (Data Selectors) 

1. The output is 0. 

2. (a) 74LS157: Quad 2-input data selector 
(b) 74LS151: 8-input data selector 

3. The data output alternates between LOW and HIGH as the data-select inputs sequence through 
the binary states. 

4. (a) The 74HC157 multiplexes the two BCD codes to the 7-segment decoder. 
(b) The 74LS47 decodes the BCD to energize the display. 
(c) The 74LS139 enables the 7-segment displays alternately. 


SECTION 6-9 Demultiplexers 
1. A decoder can be used as a multiplexer by using the input lines for data selection and an 
Enable line for data input. 


2. The outputs are all HIGH except Dj 9, which is LOW. 


SECTION 6-10 Parity Generators/Checkers 


1. (a) Even parity: 1110100 (b) Even parity: 001100011 
2. (a) Odd parity: 11010101 (b) Odd parity: 11000001 
3. (a) Code is correct, four |s. (b) Code is in error, seven Is 


SECTION 6-11 _ Troubleshooting 
1. A glitch is a very short-duration voltage spike (usually unwanted). 
2. Glitches are caused by transition states. 
3. Strobe is the enabling of a device for a specified period of time when the device is not in 





transition. 
RELATED PROBLEMS FOR EXAI 






6-1 Y=1,Cy,= 1 = (0,4, = 0,2, = 1,24, = 1 
6-3 1011 + 1010 = 10101 6-4 See Figure 6-94. 


» FIGURE 6-94 
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6-5 See Figure 6-95. 


P FIGURE 6-95 Ag= | 0 
By =0 
0 — not equal 
A, =0 
B,=1 0 


6-6 A>B=0,A=B=0,A<B=1 
6-7 See Figure 6—96. 


» FIGURE 6-96 





Highest-order adder 


6-8 See Figure 6-97. 
6-9 Output 22 


» FIGURE 6-97 
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6-11 Allinputs LOW: A, = 0,4, = 1) 4, = 14, =0 
All inputs HIGH: All outputs HIGH. 
6-12 BCD 01000001 


eee 00000001 1 
00101000 40 


Binary OO101001 41 
6-13 Seven exclusive-OR gates 
6-14 See Figure 6-99. 


» FIGURE 6-99 So ik BR Se ee 


6-15 Dy: S; = 0, S$, = 0, S; = 0, Sp = 0 
Dy: S83 = 0, S, = 1, S$; = 0, So = 0 
Dg: S3 = 1, S, = 0, S; = 0, So = 0 
D,3: S3 = 1, 8S, = 1, S$; = 0, Sy = 1 

6-16 See Figure 6—100. 


» FIGURE 6-100 


¥ = A>A,Ag + A,A\Ao + A,AjAp 





74LS151 


6-17 See Figure 6-101. 


» FIGURE 6-101 
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74LS151 


>» FIGURE 6-102 


6-18 See Figure 6-102. 
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CHAPTER OUTLINE CHAPTER OBJECTIVES 


Latches Use logic gates to construct basic latches 


Edge-Triggered Flip-Flops Explain the difference between an S-R latch and a D latch 


Flip-Fl i h teristi 
ip-Flop Operating Characteristics Recognize the difference between a latch and a flip-flop 


Flip-Flop Applications 
Explain how S-R, D, and J-K flip-flops differ 


One-Shots 
The 555 Timer Understand the significance of propagation delays, set-up time, 
Troubleshooting hold time, maximum operating frequency, minimum clock pulse 


widths, and power dissipation in the application of flip-flops 


[Tri Digital System Application 
Apply flip-flops in basic applications 





= Explain how retriggerable and nonretriggerable one-shots differ 


"= Connect a 555 timer to operate as either an astable 
multivibrator or a one-shot 


©" Troubleshoot basic flip-flop circuits 


KEY TERMS 


Latch Preset 

Bistable Clear 

SET - Propagation delay time 
RESET _ Set-up time 

Clock Hold time 
Edge-triggered flip-flop Power dissipation 
Synchronous One-shot 

D flip-flop Monostable 

J-K flip-flop Timer 

Toggle Astable 








INTRODUCTION 


This chapter begins a study of the fundamentals of sequential 
logic. Bistable, monostable, and astable logic devices called 
multivibrators are covered. Two categories of bistable devices 
are the latch and the flip-flop. Bistable devices have two 
stable states, called SET and RESET; they can retain either of 
these states indefinitely, making them useful as storage 
devices. The basic difference between latches and flip-flops 
is the way in which they are changed from one state to the 
other. The flip-flop is a basic building block for counters, 
registers, and other sequential control logic and is used in 
certain types of memories. The monostable multivibrator, 
commonly known as the one-shot, has only one stable state. 
A one-shot produces a single controlled-width pulse when 
activated or triggered. The astable multivibrator has no 
stable state and is used primarily as an oscillator, which is a 
self-sustained waveform generator. Pulse oscillators are used 
as the sources for timing waveforms in digital systems. 


Se ixep-FUN CTION LOGIC DEVICES © 


74XX122 


De 7AXX74-——-74XX279 
| 74XX75 


555 74121 
74XX112 





B@e DIGITAL SYSTEM APPLICATION PREVIEW 


The Digital System Application continues with the traffic 
light control system from Chapter 6. The focus in this 
chapter is the timing circuit portion of the system that 
produces the clock, the long time interval for the red and 
green lights, and the short time interval for the caution light. 
The clock is used as the basic system timing signal for 
advancing the sequential logic through its states. The 
sequential logic will be developed in Chapter 8. 





VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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LATCHES, FLIP-FLOPS, AND TIMERS 


eee LATCHES 


COMPUTER NOTE 


ABA 
. 


Latches are sometimes used in 
computer systems for multiplexing 
data onto a bus. For example, data 
being input to a computer from an 
external source have to share the 
data bus with data from other 
sources. When the data bus 
becomes unavailable to the 
external source, the existing data 





must be temporarily stored, and 
latches placed between the 
external source and the data bus 
may be used to do this. When the 
data bus is unavailable to the 
external source, the latches must 
be disconnected from the bus using 
a method known as tristating. 
When the data bus becomes 
available, the external data pass 
through the latches, thus the term 
transparent latch. The gated D 
latch performs this function 
because when it is enabled, the 
data on its input appear on the 
output just as though there were a 
direct connection. Data on the 
input are stored as soon as the 
latch is disabled. 


The latch is a type of temporary storage device that has two stable states (bistable) and 
is normally placed in a category separate from that of flip-flops. Latches are similar to 
flip-flops because they are bistable devices that can reside in either of two states using 
a feedback arrangement, in which the outputs are connected back to the opposite 
inputs. The main difference between latches and flip-flops is in the method used for 
changing their state. 


After completing this section, you should be able to 


= Explain the operation of a basic S-R latch ® Explain the operation of a gated S-R 
latch ™ Explain the operation of a gated D latch ® Implement an S-R or D latch with 
logic gates ™ Describe the 74LS279 and 74LS75 quad latches 


The S-R (SET-RESET) Latch 


A latch is a type of bistable logic device or multivibrator. An active-HIGH input S-R (SET- 
RESET) latch is formed with two cross-coupled NOR gates, as shown in Figure 7—1(a); an 
active-LOW input S-R latch is formed with two cross-coupled NAND gates, as shown in 
Figure 7—1(b). Notice that the output of each gate is connected to an input of the opposite gate. 
This produces the regenerative feedback that is characteristic of all latches and flip-flops. 


S R 


(a) Active-HIGH input S-R latch —_(b) Active-LOW input S-R latch 





A FIGURE 7-1 
Two versions of SET-RESET (S-R) latches. Open file FO7-01 and verify the operation of both latches. 


To explain the operation of the latch, we will use the NAND gate S-R latch in Figure 
7—-1(b). This latch is redrawn in Figure 7—2 with the negative-OR equivalent symbols used for 
the NAND gates. This is done because LOWs on the S and R lines are the activating inputs. 

The latch in Figure 7—2 has two inputs, S and R, and two outputs, Q and Q. Let’s start 
by assuming that both inputs and the Q output are HIGH. Since the Q output is connected 
back to an input of gate G,, and the R input is HIGH, the output of G, must be LOW. This 
LOW output is coupled back to an input of gate G,, ensuring that its output is HIGH. 


» FIGURE 7-2 


Negative-OR equivalent of the 
NAND gate S-R latch in Figure 
9-1(b). 





When the Q output is HIGH, the latch is in the SET state. It will remain in this state in- 
definitely until a LOW is temporarily applied to the R input. With a LOW on the R input 
and a HIGH on S, the output of gate G, is forced HIGH. This HIGH on the Q output is cou- 
pled back to an input of G,, and since the S input is HIGH, the output of G, goes LOW. This 


LOW on the Q output is then coupled back to an input of G,, ensuring that the Q output re- 
mains HIGH even when the LOW on the R input is removed. When the Q output is LOW, 
the latch is in the RESET state. Now the latch remains indefinitely in the RESET state un- 
til a LOW is applied to the S input. 

In normal operation, the outputs of a latch are always complements of each other. 


When Q is HIGH, @ is LOW, and when Q is LOW, Q is HIGH. 


An invalid condition in the operation of an active-LOW input S-R latch occurs when 
LOWS are applied to both S and R at the same time. As long as the LOW levels are simul- 
taneously held on the inputs, both the Q and O outputs are forced HIGH, thus violating the 
basic complementary operation of the outputs. Also, if the LOWs are released simultane- 
ously, both outputs will attempt to go LOW. Since there is always some small difference in 
the propagation delay time of the gates, one of the gates will dominate in its transition to 
the LOW output state. This, in turn, forces the output of the slower gate to remain HIGH. 
In this situation, you cannot reliably predict the next state of the latch. 

Figure 7-3 illustrates the active-LOW input S-R latch operation for each of the four possible 
combinations of levels on the inputs. (The first three combinations are valid, but the last is not.) 
Table 7—1 summarizes the logic operation in truth table form. Operation of the active-HIGH in- 
put NOR gate latch in Figure 7—1(a) is similar but requires the use of opposite logic levels. 


Momentary LOW 


| a= 
Y 0 i Outputs make 
transitions when 
S goes LOW and 
remain in same 
state after S 

goes back HIGH. 
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Latch starts out RESET (Q = 0). 
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(a) Two possibilities for the SET operation 


Outputs make 
transitions when R 
goes LOW and remain 
in same state after R 
goes back HIGH. 





Latch starts out SET (O = 1). 
(b) Two possibilities for the RESET operation 


Outputs do 

not change 

state. Latch 

remains SET if 

previously SET and 
4~ remains RESET if 

previously RESET. 


HIGHS on both inputs 





(c) No-change condition (d) Invalid condition 


& FIGURE 7-3 





The three modes of basic 5-R latch operation (SET, RESET, no-change) and the invalid condition. 
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A latch can reside in either of its 
two states, SET or RESET. 


SET means that the Q output is 
HIGH. 


RESET means that the @ output 
is LOW. 


No transitions 
occur because 
latch is 
_ already SET. 
as 


0 —+--- 


Latch starts out SET (OQ = 1). 


No transitions occur 
because latch is 
already RESET. 


Latch starts out RESET (Q = 0). 


Output states 

are uncertain when 
input LOWs go 
back HIGH. 


Simultaneous LOWs on both inputs 
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» TABLE 7-1 


Truth table for an active-LOW input 
S-R latch. 


EXAMPLE 7-1 


Solution 


Related Problem * 





INPUTS OUTPUTS 






5 COMMENTS 
No change. Latch remains in present state. 
Latch SET. 

Latch RESET. 


Invalid condition 






Co = oO 
Co CO —> = 






Logic symbols for both the active-HIGH input and the active-LOW input latches are 


shown in Figure 7-4. 


» FIGURE 7-4 
Logic symbols for the $-R and S-R S O 





latch. 
R pp 
(a) Active-HIGH input (b) Active-LOW input 
S-R latch S-R latch 


Example 7-1 illustrates how an active-LOW input S-R latch responds to conditions on 
its inputs. LOW levels are pulsed on each input in a certain sequence and the resulting Q 
output waveform is observed. The S = 0, R = 0 condition is avoided because it results in 
an invalid mode of operation and is a major drawback of any SET-RESET type of latch. 


If the § and R waveforms in Figure 7—5(a) are applied to the inputs of the latch in 
Figure 7—4(b), determine the waveform that will be observed on the Q output. Assume 
that Q is initially LOW. 


(a) R |_| |_ |_| 


eel Lt. Lotif 2 


A FIGURE 7-5 


See Figure 7—5S(b). 


Determine the Q output of an active-HIGH input S-R latch if the waveforms in Figure 
7—3(a) are inverted and applied to the inputs. 


“Answers are at the end of the chapter. 
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_An Application 


The Latch as a Contact-Bounce Eliminator A good example of an application of an S-R 
latch is in the elimination of mechanical switch contact “bounce.” When the pole of a switch 
strikes the contact upon switch closure, it physically vibrates or bounces several times be- 
fore finally making a solid contact. Although these bounces are very short in duration, they 
produce voltage spikes that are often not acceptable in a digital system. This situation is il- 
lustrated in Figure 7—6(a). 





*Vee 
+V 
R ihe 
2 | 
0 
; Erratic transition voltage ' 
a 46:4 due to contact bounce Position Position 
Pe lL to 2 2 to | 
(a) Switch contact bounce (b) Contact-bounce eliminator circuit 


& FIGURE 7-6 


The S-R latch used to eliminate switch contact bounce. 


An S-R latch can be used to eliminate the effects of switch bounce as shown in Figure 
7-6(b). The switch is normally in position 1, keeping the R input LOW and the latch RESET. 
When the switch is thrown to position 2, R goes HIGH because of the pull-up resistor to Voc, 
and § goes LOW on the first contact. Although S remains LOW for only a very short time 
before the switch bounces, this is sufficient to set the latch. Any further voltage spikes on the 
s input due to switch bounce do not affect the latch, and it remains SET. Notice that the Q 
output of the latch provides a clean transition from LOW to HIGH, thus eliminating the volt- 
age spikes caused by contact bounce. Similarly, a clean transition from HIGH to LOW is 
made when the switch is thrown back to position 1. 


Sa. rs 7 Da. eS af i : 
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The 74LS279 is a quad S-R latch represented by the logic diagram of Figure 7—7(a) and 
the pin diagram in part (b). Notice that two of the latches each have two S inputs. 


(2) 


lQ 


2Q 





ik: 181 182 10. 32% 20 Gep 


40 
(b) Pin diagram 





(a) Logic diagram 
A FIGURE 7-7 
The 74L5279 quad S-R latch. 
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The Gated S-R Latch 


A gated latch requires an enable input, EN (G is also used to designate an enable input). The 
logic diagram and logic symbol for a gated S-R latch are shown in Figure 7—8. The S and 
R inputs control the state to which the latch will go when a HIGH level is applied to the EN 
input. The latch will not change until EN is HIGH; but as long as it remains HIGH, the out- 
put is controlled by the state of the S and R inputs. In this circuit, the invalid state occurs 
when both S and R are simultaneously HIGH. 


» FIGURE 7-8 
A gated S-R latch. 





O 
EN 
@) 
R 
(a) Logic diagram (b) Logic symbol 


EXAMPLE 7-2 | 
Determine the Q output waveform if the inputs shown in Figure 7—9(a) are applied to 


a gated S-R latch that is initially RESET. 


A FIGURE 7-9 


Solution The Q waveform is shown in Figure 7—9(b). When S is HIGH and R is LOW, a HIGH 
on the EN input sets the latch. When $ is LOW and R is HIGH, a HIGH on the EN 
input resets the latch. 


Related Problem Determine the Q output of a gated S-R latch if the S and R inputs in Figure 7—9(a) are 
inverted. 





The Gated D Latch 


Another type of gated latch is called the D latch. It differs from the S-R latch because it 
has only one input in addition to EN. This input is called the D (data) input. Figure 7-10 
contains a logic diagram and logic symbol of a D latch. When the D input is HIGH and 
the EN input is HIGH, the latch will set. When the D input is LOW and EN is HIGH, the 


latch will reset. Stated another way, the output Q follows the input D when EN 
is HIGH. 


EN 


(a) Logic diagram 


Q 


EN 


(b) Logic symbol 


| EXAMPLE 7-3 


Solution 


& FIGURE 7-11 
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<< FIGURE 7-10 
A gated D latch. 


tO 


Determine the Q output waveform if the inputs shown in Figure 7—11(a) are applied to 
a gated D latch, which is initially RESET. 


The Q waveform is shown in Figure 7—11(b). When D is HIGH and EN is HIGH, Q 
goes HIGH. When D is LOW and EN is HIGH, Q goes LOW. When EN is LOW, the 


state of the latch is not affected by the D input. 


Related Problem Determine the Q output of the gated D latch if the D input in Figure 7—11(a) is inverted. 


An example of a gated D latch is the 74LS75 represented by the logic symbol in Figure 
7—12(a). This device has four latches. Notice that each active-HIGH EN input is shared by 
two latches and is designated as a control input (C). The truth table for each latch is shown 
in Figure 7—12(b). The X in the truth table represents a “don’t care” condition. In this case, 
when the EN input is LOW, it does not matter what the D input is because the outputs are 


unaffected and remain in their prior states. 


(16) 





ID lO 

10 
EN 

20 
2D 20 
3D 30 

30 
EN 

40 
4D 40 


(a) Logic symbol 


Comments 








Note: Qo is the prior output level before the 
indicated input conditions were established. 


(b) Truth table (each latch) 











“@ FIGURE 7-12 
The 74LS75 quad gated D latches. 
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| [section 7-1 
| [REVIEW 


} 


Answers are at the end of the 
chapter. 


1. List three types of latches. 
2. Develop the truth table for the active-HIGH input S-R latch in Figure 7-1(a). 
3. What is the Q output of a D latch when EN = 1 and D = 1? 


Wee EDGE-TRIGGERED FLIP-FLOPS 


The dynamic input indicator [> 
means the flip-flop changes state 
only on the edge of a clock 
pulse. 


» FIGURE 7-13 
Edge-triggered flip-flop logic 
symbols (top: positive edge- 
triggered; bottom: negative edge- 
triggered). 





Flip-flops are synchronous bistable devices, also known as bistable multivibrators. 
In this case, the term synchronous means that the output changes state only at a 
specified point on the triggering input called the clock (CLK), which is designated 
as a control input, C; that is, changes in the output occur in synchronization with the 
clock. 


After completing this section, you should be able to 


= Define clock ®™ Define edge-triggered flip-flop ®™ Explain the difference between 
a flip-flop and a latch ™ Identify an edge-triggered flip-flop by its logic symbol 

= Discuss the difference between a positive and a negative edge-triggered flip-flop 
= Discuss and compare the operation of S-R, D, and J-K edge-triggered flip-flops 
and explain the differences in their truth tables. ® Discuss the asynchronous inputs 
of a flip-flop = Describe the 74AHC74 and the 74HC112 flip-flops 


An edge-triggered flip-flop changes state either at the positive edge (rising edge) or 
at the negative edge (falling edge) of the clock pulse and is sensitive to its inputs only at 
this transition of the clock. Three types of edge-triggered flip-flops are covered in this 
section: S-R, D, and J-K. Although the S-R flip-flop is not available in IC form, it is the 
basis for the D and J-K flip-flops. The logic symbols for all of these flip-flops are shown 
in Figure 7-13. Notice that each type can be either positive edge-triggered (no bubble at 
C input) or negative edge-triggered (bubble at C input). The key to identifying an edge- 
triggered flip-flop by its logic symbol is the small triangle inside the block at the clock 


(C) input. This triangle is called the dynamic input indicator. 


Dynamic input 
indicator 


S O D O J 0 
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R O O i OQ K B OQ 





(b) D 
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_ The Edge-Triggered S-R Flip-Flop 


The S and R inputs of the S-R flip-flop are called synchronous inputs because dataon these An S-R flip-flop cannot have 
inputs are transferred to the flip-flop’s output only on the triggering edge of the clock pulse. both $ and R inputs HIGH at the 
When Sis HIGH and R is LOW, the Q output goes HIGH on the triggering edge of the clock same time. 

pulse, and the flip-flop is SET. When S is LOW and R is HIGH, the Q output goes LOW on 
the triggering edge of the clock pulse, and the flip-flop is RESET. When both S$ and R are 
LOW, the output does not change from its prior state. An invalid condition exists when both 
S and R are HIGH. 

This basic operation of a positive edge-triggered flip-flop is illustrated in Figure 7-14, 
and Table 7—2 is the truth table for this type of flip-flop. Remember, the flip-flop cannot 
change state except on the triggering edge of a clock pulse. The S and R inputs can be 
changed at any time when the clock input is LOW or HIGH (except for a very short inter- 
val around the triggering transition of the clock) without affecting the output. 


o 3 
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COMPUTER NOTE 


Semiconductor memories in 
computers consist of large 
numbers of individual cells. Each 
storage cell holds a 1 ora 0. One 
type of memory is the Static 
Random Access Memory or SRAM, 
which uses flip-flops for the 





storage cells because a flip-flop 

will retain either of its two states 
indefinitely as long as dc power is 
applied, thus the term static. This 





(a) S=1, R=0 flip-flop SETS on positive clock (b) S=0, R= 1 flip-flop RESETS on positive type of memory is classified as a 
edge. (If already SET, it remains SET.) clock edge. (If already RESET, it remains volatile memory because all the 
RESET.) stored data are lost when power is 
turned off. Another type of 
memory, the Dynamic Random 
0 5 Q = Q, (no change) Access Memory or DRAM, uses 
ee capacitance rather than flip-flops 
; i as the basic storage element and 
¥ must be periodically refreshed in 
0 R O O order to maintain the stored data. 


(c) S=0, R=0 flip-flop does not change. (If SET, it 
remains SET; if RESET, it remains RESET.) 


& FIGURE 7-14 
Operation of a positive edge-triggered S-R flip-flop. 


<@ TABLE 7-2 







: INPUTS OUTPUTS > COMMENT. Truth table for a positive edge- 
= triggered S-R flip-flop. 

0 0 x No change 

0 I [ RESET 

1 0 T SET 

1 I Invalid 





T = clock transition LOW to HIGH 







X = irrelevant (“don’t care’’) 


Q 


output level prior to clock transition 






The operation and truth table for a negative edge-triggered S-R flip-flop are the same as 
those for a positive edge-triggered device except that the falling edge of the clock pulse is 
the triggering edge. 
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EXAMPLE 7-4 
Determine the Q and Q output waveforms of the flip-flop in Figure 7-15 for the S, R, 
and CLK inputs in Figure 7—16(a). Assume that the positive edge-triggered flip-flop is 
initially RESET. 


>» FIGURE 7-15 
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& FIGURE 7-16 
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Solution 1. Atclock pulse 1, S is LOW and R is LOW, so Q does not change. 

2. At clock pulse 2, § is LOW and R is HIGH, so Q remains LOW (RESET). 
3. At clock pulse 3, S is HIGH and R is LOW, so Q goes HIGH (SET). 

4. Atclock pulse 4, S is LOW and R is HIGH, so GQ goes LOW (RESET). 

5. At clock pulse 5, Sis HIGH and R is LOW, so Q goes HIGH (SET). 

6. At clock pulse 6, S is HIGH and R is LOW, so Q stays HIGH. 


Once Q is determined, Q is easily found since it is simply the complement of Q. The 
resulting waveforms for Q and Q are shown in Figure 7—16(b) for the input waveforms 
in part (a). 


Related Problem Determine Q and Q for the S and R inputs in Figure 7—16(a) if the flip-flop is a 
negative edge-triggered device. 





A Method of Edge-Triggering 


A simplified implementation of an edge-triggered S-R flip-flop is illustrated in Figure 
7-17(a) and is used to demonstrate the concept of edge-triggering. This coverage of the 
S-R flip-flop does not imply that it is the most important type. Actually, the D flip-flop and 
the J-K flip-flop are available in IC form and more widely used than the S-R type. How- 
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ever, understanding the S-R is important because both the D and the J-K flip-flops are de- 
rived from the S-R flip-flop. Notice that the S-R flip-flop differs from the gated S-R latch 
only in that it has a pulse transition detector. 





eee I bk 






Pulse 
transition 
detector 






Latch 


Steering gates 


(a) A simplified logic diagram for a positive edge-triggered S-R flip-flop 


Short pulse (spike) produced by delay 


Delay (when both gate inputs are HIGH) 
Migros mir / 
; l UL. 


(b) A type of pulse transition detector 


One basic type of pulse transition detector is shown in Figure 7—17(b). As you can see, 
there is a small delay on one input to the NAND gate so that the inverted clock pulse arrives 
at the gate input a few nanoseconds after the true clock pulse. This circuit produces a very 
short-duration spike on the positive-going transition of the clock pulse. In a negative edge- 
triggered flip-flop the clock pulse is inverted first, thus producing a narrow spike on the 
negative-going edge. 

The circuit in Figure 7—17 is partitioned into two sections, one labeled Steering gates and 
the other labeled Latch. The steering gates direct, or steer, the clock spike either to the in- 
put to gate G; or to the input to gate G,, depending on the state of the S and R inputs. To un- 
derstand the operation of this flip-flop, begin with the assumptions that it is in the RESET 
state (OQ = 0) and that the S, R, and CLK inputs are all LOW. For this condition, the outputs 
of gate G, and gate G, are both HIGH. The LOW on the Q output is coupled back into one 
input of gate G,, making the Q output HIGH. Because Q is HIGH, both inputs to gate G; 
are HIGH (remember, the output of gate G, is HIGH), holding the Q output LOW. If a pulse 
is applied to the CLK input, the outputs of gates G,; and G, remain HIGH because they are 
disabled by the LOWs on the S input and the R input; therefore, there is no change in the 
state of the flip-flop—it remains in the RESET state. 

Let’s now make $ HIGH, leave R LOW, and apply a clock pulse. Because the S$ input to 
gate G, is now HIGH, the output of gate G, goes LOW for a very short time (spike) when 
CLK goes HIGH, causing the Q output to go HIGH. Both inputs to gate G, are now HIGH 
(remember, gate G, output is HIGH because R is LOW), forcing the QO output LOW. This 
LOW on Q is coupled back into one input of gate G3, ensuring that the Q output will remain 
HIGH. The flip-flop is now in the SET state. Figure 7—18 illustrates the logic level transi- 
tions that take place within the flip-flop for this condition. 

Next, let’s make § LOW and R HIGH and apply a clock pulse. Because the R input is 
now HIGH, the positive-going edge of the clock produces a negative-going spike on the 
output of gate G,, causing the Q output to go HIGH. Because of this HIGH on Q, both in- 
puts to gate G; are now HIGH (remember, the output of gate G, is HIGH because of the 
LOW on S$), forcing the Q output to go LOW. This LOW on Q is coupled back into one in- 
put of gate G4, ensuring that Q will remain HIGH. The flip-flop is now in the RESET state. 
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« FIGURE 7-17 
Edge triggering. 


oe 


COMPUTER NOTE 


ae. 


All logic operations that are 
performed with hardware can also 
be implemented in software. For 
example, the operation of a J-K 
flip-flop can be performed with 
specific computer instructions. If 
two bits were used to represent 
the/ and K inputs, the computer 
would do nothing for 00, a data 
bit representing the Q output 
would be set (1) for 10, the Q 
data bit would be cleared (0) for 
01, and the Q data bit would be 
complemented for 11. Although it 
may be unusual to use a computer 
to simulate a flip-flop, the point is 





that all hardware operations can 
be simulated using software. 
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» FIGURE 7-18 


Flip-flop making a transition from 
the RESET state to the SET state on 
the positive-going edge of the clock 
pulse. 


» FIGURE 7-19 


Flip-flop making a transition from 
the SET state to the RESET state on 
the positive-going edge of the clock 
pulse. 


The Q output of a D flip-flop 
assumes the state of the D input 
on the triggering edge of the 
clock. 
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This gate is enabled. This spike SETS flip-flop. 


tape sre 


<— Positive 
0 spike 


, HIGH) 
















‘Triggering 






Pulse 
transition 
detector 







HIGH 






R 
LOW (0) 






This gate is disabled because R is LOW. 


Figure 7—19 illustrates the logic level transitions that occur within the flip-flop for this 
condition. As with the gated latch, an invalid condition exists if a clock pulse occurs when 
both S and R are HIGH at the same time. This is the major drawback of the S-R flip-flop. 


This gate is disabled 
because $ is LOW. 


, LOW (0) MA | 
ne th ee 


Pulse 
transition 
detector 









Triggering 
edge 


‘ 
CLK 9 ich 









G> O © 


| 
\e pecs This spike RESETS flip-flop. 


This gate is enabled. 


R 
HIGH (1) 


The Edge-Triggered D Flip-Flop 


The D flip-flop is useful when a single data bit (1 or 0) is to be stored. The addition of an 
inverter to an S-R flip-flop creates a basic D flip-flop, as in Figure 7—20, where a positive 
edge-triggered type is shown. 


» FIGURE 7-20 
A positive edge-triggered D flip-flop D 
formed with an S-R flip-flop and an 
inverter. 





Notice that the flip-flop in Figure 7—20 has only one input, the D input, in addition to the 
clock. If there is a HIGH on the D input when a clock pulse is applied, the flip-flop will 
set, and the HIGH on the D input is stored by the flip-flop on the positive-going edge of 
the clock pulse. If there is a LOW on the D input when the clock pulse is applied, the flip- 
flop will reset, and the LOW on the D input is stored by the flip-flop on the leading edge 
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of the clock pulse. In the SET state the flip-flop is storing a 1, and in the RESET state it is 
storing a 0. 

The logical operation of the positive edge-triggered D flip-flop is summarized in Table 
7-3. The operation of a negative edge-triggered device is, of course, the same, except that 
triggering occurs on the falling edge of the clock pulse. Remember, Q follows D at the 
active or triggering clock edge. 

















m « TABLE 7-3 
lls oe Truth table for a positive edge- 
oes Q oe triggered D flip-flop. 
I T | 0 SET (stores a 1) 
0 i RESET (stores a 0) 










T = clock transition LOW to HIGH 


| EXAMPLE 7-5 
Given the waveforms in Figure 7—21(a) for the D input and the clock, determine the Q 


output waveform if the flip-flop starts out RESET. 


A FIGURE 7-21 


Solution The QO output goes to the state of the D input at the time of the positive-going clock 
edge. The resulting output is shown in Figure 7—21(b). 


Related Problem Determine the Q output for the D flip-flop if the D input in Figure 7—21(a) is inverted. 





_ The Edge-Triggered J-K Flip-Flop 

The J-K flip-flop is versatile and is a widely used type of flip-flop. The functioning of the 
J-K flip-flop is identical to that of the S-R flip-flop in the SET, RESET, and no-change con- 
ditions of operation. The difference is that the J-K flip-flop has no invalid state as does the 
S-R flip-flop. 

Figure 7—22 shows the basic internal logic for a positive edge-triggered J-K flip-flop. It 
differs from the S-R edge-triggered flip-flop in that the Q output is connected back to the 
input of gate G,, and the Q output is connected back to the input of gate G,. The two con- 
trol inputs are labeled J and K in honor of Jack Kilby, who invented the integrated circuit. A 
J-K flip-flop can also be of the negative edge-triggered type, in which case the clock input 
is inverted. 
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» FIGURE 7-22 
A simplified logic diagram for a 
positive edge-triggered )-K flip-flop. 


» FIGURE 7-23 


Transitions illustrating the toggle 
operation when/ = 1 and K = 1. 


In the toggle mode, a J-K flip- 
flop changes state on every clock 
pulse. 


» TABLE 7-4 


Truth table for a positive edge- 
triggered J-K flip-flop. 







J 
QO 
Pulse 
CLK transition 
detector 
QO 


Let’s assume that the flip-flop in Figure 7—23 is RESET and that the J input is HIGH and 
the K input is LOW rather than as shown. When a clock pulse occurs, a leading-edge spike 
indicated by @ is passed through gate G, because Q is HIGH and J is HIGH. This will cause 
the latch portion of the flip-flop to change to the SET state. The flip-flop is now SET. 


OD @@® 


CLE. SIF LL transition 


detector 





If you make J LOW and K HIGH, the next clock spike indicated by @ will pass through 
gate G, because Q is HIGH and K is HIGH. This will cause the latch portion of the flip-flop 
to change to the RESET state. 

If you apply a LOW to both the J and K inputs, the flip-flop will stay in its present state 
when a clock pulse occurs. A LOW on both J and K results in a no-change condition. 

So far, the logical operation of the J-K flip-flop is the same as that of the S-R type in the SET, 
RESET, and no-change modes. The difference in operation occurs when both the J and K in- 
puts are HIGH. To see this, assume that the flip-flop is RESET. The HIGH on the Q enables 
gate G,, so the clock spike indicated by @ passes through to set the flip-flop. Now there is a 
HIGH on Q, which allows the next clock spike to pass through gate G, and reset the flip-flop. 

As you can see, on each successive clock spike, the flip-flop changes to the opposite 
state. This mode is called toggle operation. Figure 7—23 illustrates the transitions when the 
flip-flop is in the toggle mode. A J-K flip-flop connected for toggle operation is sometimes 
called a T flip-flop. 

Table 7-4 summarizes the logical operation of the edge-triggered J-K flip-flop in truth 
table form. Notice that there is no invalid state as there is with an S-R flip-flop. The truth 
table for a negative edge-triggered device is identical except that it is triggered on the falling 
edge of the clock pulse. 


INPUTS OUTPUTS 





@) COMMENTS 


K 
0 
l 
0 
l 





T = clock transition LOW to HIGH 


Qo = output level prior to clock transition 
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| EXAMPLE 7-6 
The waveforms in Figure 7—24(a) are applied to the /, K, and clock inputs as 


indicated. Determine the Q output, assuming that the flip-flop is initially RESET. 





CLK ; ] 2 3 4 5 
l l | | 
] | | 
| | 7g) 
eee (side ckaeeee O WD) | . . 
l | | : CLK 
Pe Ta ee Pa Se | es ee 
l l l | 
| | | | l - 
| | | | | O 
l | | 
| | 
| | 


| 
(b) a 


Toggle No Reset Set Set 
change 


4 FIGURE 7-24 


Solution 1. First, since this is a negative edge-triggered flip-flop, as indicated by the “bubble” 
at the clock input, the Q output will change only on the negative-going edge of 
the clock pulse. 


2. At the first clock pulse, both J and K are HIGH; and because this is a toggle 
condition, O goes HIGH. 


3. At clock pulse 2, a no-change condition exists on the inputs, keeping Q at a 
HIGH level. 


4. When clock pulse 3 occurs, J is LOW and K is HIGH, resulting in a RESET 
condition; Q goes LOW. 


5. At clock pulse 4, J is HIGH and K is LOW, resulting in a SET condition; Q 
goes HIGH. 


6. A SET condition still exists on J and K when clock pulse 5 occurs, so Q will 
remain HIGH. 


The resulting OQ waveform is indicated in Figure 7—24(b). 


Related Problem Determine the Q output of the J-K flip-flop if the J and K inputs in Figure 7—24(a) are 
inverted. 


fexamPLe 7-7 : 
The waveforms in Figure 7—25(a) are applied to the flip-flop as shown. Determine the 


Q output, starting in the RESET state. 
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Solution 


Related Problem 





An active preset input makes the 


Q output HIGH (SET). 


An active clear input makes the 


Q output LOW (RESET). 
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K 2— 0 
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& FIGURE 7-25 


The Q output assumes the state determined by the states of the J and K inputs at the 
positive-going edge (triggering edge) of the clock pulse. A change in J or K after the 
triggering edge of the clock has no effect on the output, as shown in Figure 7—25(b). 


Interchange the J and K inputs and determine the resulting Q output. 





Asynchronous Preset and Clear Inputs 


For the flip-flops just discussed, the S-R, D, and J-K inputs are called synchronous in- 
puts because data on these inputs are transferred to the flip-flop’s output only on the trig- 
gering edge of the clock pulse; that is, the data are transferred synchronously with the 
clock. 

Most integrated circuit flip-flops also have asynchronous inputs. These are inputs that 
affect the state of the flip-flop independent of the clock. They are normally labeled preset 
(PRE) and clear (CLR), or direct set (Sp) and direct reset (Rp) by some manufacturers. An 
active level on the preset input will set the flip-flop, and an active level on the clear input 
will reset it. A logic symbol for a J-K flip-flop with preset and clear inputs is shown in 
Figure 7—26. These inputs are active-LOW, as indicated by the bubbles. These preset and 
clear inputs must both be kept HIGH for synchronous operation. 


» FIGURE 7-26 


Logic symbol for a J-K flip-flop with 
active-LOW preset and clear inputs. 
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Figure 7-27 shows the logic diagram for an edge-triggered J-K flip-flop with active- 
LOW preset (PRE) and clear (CLR) inputs. This figure illustrates basically how these in- 
puts work. As you can see, they are connected so that they override the effect of the 
synchronous inputs, J, K, and the clock. 


“@ FIGURE 7-27 


Logic diagram for a basic J-K flip- 
flop with active-LOW preset and 
clear inputs. 


CLK transition 
detector 











: EXAMPLE 7-8 
For the positive edge-triggered J-K flip-flop with preset and clear inputs in Figure 


7-28, determine the Q output for the inputs shown in the timing diagram in part (a) if 
Q is initially LOW. 
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& FIGURE 7-28 





Open file F07-28 to verify the operation. 


Solution 1. During clock pulses 1, 2, and 3, the preset (PRE) is LOW, keeping the flip-flop 
SET regardless of the synchronous J and K inputs. 
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2. For clock pulses 4, 5, 6, and 7, toggle operation occurs because J is HIGH, K is 
HIGH, and both PRE and CLR are HIGH. 


3. For clock pulses 8 and 9, the clear (CLR) input is LOW, keeping the flip-flop 
RESET regardless of the synchronous inputs. 


The resulting Q output is shown in Figure 7—28(b). 


Related Problem If you interchange the PRE and CLR waveforms in Figure 7—28(a), what will the Q 
output look like? 





Let’s look at two specific edge-triggered flip-flops. They are representative of the vari- 
ous types of flip-flops available in IC form and, like most other devices, are available in 
CMOS and in TTL logic families. 





This CMOS device contains two identical D flip-flops that are independent of each other 
except for sharing V-c and ground. The flip-flops are positive edge-triggered and have 
active-LOW asynchronous preset and clear inputs. The logic symbols for the individual 
flip-flops within the package are shown in Figure 7—29(a), and an ANSI/IEEE standard sin- 
gle block symbol that represents the entire device is shown in part (b). The pin numbers are 
shown in parentheses. 





= |) 
IPRE 


ID 10 





ICLK 
10 
ICLR 
2PRE 
2D 20 
2CLK 
20 
- (b) Single block logic symbol 
2CLR Note: The S and R inside the 
7 block indicate that PRE 
(a) Individual logic symbols SETS and CLR RESETS. 


A FIGURE 7-29 





Logic symbols for the 74AHC74 dual positive edge-triggered D flip-flop. 
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This device has two identical flip-flops that are negative edge-triggered and have active- 
LOW asynchronous preset and clear inputs. The logic symbols are shown in Figure 7—30. 


<@ FIGURE 7-30 


Logic symbols for the 74HC112 dual 
negative edge-triggered J-K flip- 





flop. 


10 
10 
20 


20 





(a) Individual logic symbols (b) Single block logic symbol 


EXAMPLE 7-9 
The IJ, 1K, 1CLK, 1PRE, and 1CLR waveforms in Figure 7—31(a) are applied to one 
of the negative edge-triggered flip-flops in a 74HC112 package. Determine the 1Q 
output waveform. 


pint ous) LE Le LL LP 
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| 


(b) PinS ~~ (1) 


4 FIGURE 7-31 


Solution The resulting 1Q waveform is shown in Figure 7—31(b). Notice that each time a LOW 
is applied to the 1PRE or 1CLR, the flip-fiop is set or reset regardless of the states of 
the other inputs. 


Related Problem Determine the 1Q output waveform if the waveforms for 1PRE and 1CLR are 
interchanged. 
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| SECTION 7-2 | 
| REVIEW 1. Describe the main difference between a gated S-R latch and an edge-triggered S-R | 


flip-flop. 
2. How does a J-K flip-flop differ from an S-R flip-flop in its basic operation? 


3. Assume that the flip-flop in Figure 7-21 is negative edge-triggered. Describe the 
output waveform for the same CLK and D waveforms. 
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Wes FLIP-FLOP OPERATING CHARACTERISTICS 


The performance, operating requirements, and limitations of flip-flops are specified by 
several operating characteristics or parameters found on the data sheet for the device. 
Generally, the specifications are applicable to all CMOS and TTL flip-flops. 


After completing this section, you should be able to 


= Define propagation delay time ™ Explain the various propagation delay time 
specifications ® Define set-up time and discuss how it limits flip-flop operation 

= Define hold time and discuss how it limits flip-flop operation ®™ Discuss the 
significance of maximum clock frequency ®™ Discuss the various pulse width 
specifications ™ Define power dissipation and calculate its value for a specific device 
= Compare various series of flip-flops in terms of their operating parameters 


Propagation Delay Times 


A propagation delay time is the interval of time required after an input signal has been ap- 
plied for the resulting output change to occur. Four categories of propagation delay times 
are important in the operation of a flip-flop: 


1. Propagation delay tp;;, as measured from the triggering edge of the clock pulse 
to the LOW-to-HIGH transition of the output. This delay is illustrated in Figure 
7—32(a). 


2. Propagation delay tp, as measured from the triggering edge of the clock pulse 
to the HIGH-to-LOW transition of the output. This delay is illustrated in Figure 
7—32(b). 


50% point on triggering edge 


+— 50% point on LOW-to-HIGH O 
transition of O 





50% point on HIGH-to-LOW 
transition of O 






(a) (b) 


A FIGURE 7-32 
a le 


Propagation delays, clock to output. 
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3. Propagation delay fp,;, as measured from the leading edge of the preset input to the 
LOW-to-HIGH transition of the output. This delay is illustrated in Figure 7—33(a) 
for an active-LOW preset input. 


4. Propagation delay tpy, as measured from the leading edge of the clear input to the 
HIGH-to-LOW transition of the output. This delay is illustrated in Figure 7—33(b) 
for an active-LOW clear input. 


| | 


| 

| 

| | : 
| | 


(a) (b) 
A FIGURE 7-33 
Propagation delays, preset input to output and clear input to output. 


Set-up Time 


The set-up time (f,) is the minimum interval required for the logic levels to be maintained 
constantly on the inputs (J and K, or S and R, or D) prior to the triggering edge of the clock 
pulse in order for the levels to be reliably clocked into the flip-flop. This interval is illus- 
trated in Figure 7—34 for a D flip-flop. 


D é 50% point 
| 








CLK 


50% point on triggering edge 





| 
| | 
| 
eo? 
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A FIGURE 7-34 


Set-up time (t,). The logic level must be present on the D input for a time equal to or greater than t, 
before the triggering edge of the clock pulse for reliable data entry. 


An advantage of CMOS is that it can operate over a wider range of dc supply voltages 
(typically 2 V to 6 V) than TTL and, therefore, less expensive power supplies that do not 
have precise regulation can be used. Also, batteries can be used as secondary or primary 


sources for CMOS circuits. In addition, lower voltages mean that the IC dissipates less 
power. The drawback is that the performance of CMOS is degraded with lower supply 
voltages. For example, the guaranteed maximum clock frequency of a CMOS flip-flop is 
much less at Vcc = 2 V than at Vec = 6 V. 
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» FIGURE 7-35 


Hold time (t;,). The logic level must 


remain on the D input for a time 
equal to or greater than t, after the 
triggering edge of the clock pulse for 
reliable data entry. 


Hold Time 


The hold time (t,,) is the minimum interval required for the logic levels to remain on the in- 
puts after the triggering edge of the clock pulse in order for the levels to be reliably clocked 
into the flip-flop. This is illustrated in Figure 7—35 for a D flip-flop. 
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~Maximum Clock Frequency 


The maximum clock frequency (f,,,,) is the highest rate at which a flip-flop can be reliably 
triggered. At clock frequencies above the maximum, the flip-flop would be unable to re- 
spond quickly enough, and its operation would be impaired. 


Pulse Widths 


Minimum pulse widths (fy) for reliable operation are usually specified by the manufacturer 
for the clock, preset, and clear inputs. Typically, the clock is specified by its minimum 
HIGH time and its minimum LOW time. 


Power Dissipation 


The power dissipation of any digital circuit is the total power consumption of the device. 
For example, if the flip-flop operates on a +5 V dc source and draws 5 mA of current, the 
power dissipation is 


P=VocXlee = 5 VX5 mA = 25 mW 


The power dissipation is very important in most applications in which the capacity of the 
dc supply is a concern. As an example, let’s assume that you have a digital system that re- 
quires a total of ten flip-flops, and each flip-flop dissipates 25 mW of power. The total 
power requirement is 


P, = 10x25 mW = 250 mW = 0.25 W 


This tells you the output capacity required of the dc supply. If the flip-flops operate on 
+5 V dc, then the amount of current that the supply must provide is 


250 mW 


= 50mA 
av 


You must use a +5 V de supply that is capable of providing at least 50 mA of current. 


Comparison of Specific Flip-Flops 


Table 7—5 provides a comparison, in terms of the operating parameters discussed in this sec- 
tion, of four CMOS and TTL flip-flops of the same type. 
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VY TABLE 7-5 


Comparison of operating parameters for four IC families of flip-flops of the same type at 25°C. 


| 


: 
5 
5 
£ 
£ 





CMOS TTL 


PARAMETER 74HC74A 74AHC74 74LS74A 74F74 

















tpy, (CLK to Q) 17 ns 4.6 ns AO ns 6.8 ns 


tpry (CLK to Q) 17 ns 4.6 ns 25 ns 8.0 ns 
tour (CLR to O) 18 ns 4.8 ns 40 ns 9.0 ns 
tpry (PRE to Q) 18 ns 4.8 ns 25 ns 6.1 ns 

t, (set-up time) 14 ns 5.0 ns 20 ns 2.0 ns 

t, (hold time) 3.0 ns 0.5 ns 5 ns 1.0 ns 

ty (CLK HIGH) 10 ns 5.0 ns 25 ns 4.0 ns 

ty (CLK LOW) 10 ns 5.0 ns 25 ns 5.0 ns 
ty(CLR/PRE) 10 ns 5.0 ns 25 ns 4.0 ns 
Ja 35 MHz 170 MHz 25 MHz 100 MHz 
Power, quiescent 0.012 mW 1.1 mW 


Power, 50% duty cycle 88 mW 





(a) set-up time (b) hold time 


2. Which specific flip-flop in Table 7—5 can be operated at the highest frequency? 
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| [SECTION 7-3 
REVIEW 1. Define the following: 


So 


a4 FLIP-FLOP APPLICATIONS 


In this section, three general applications of flip-flops are discussed to give you an idea 
of how they can be used. In Chapters 8 and 9, flip-flop applications in counters and 
registers are covered in detail. 


After completing this section, you should be able to 


= Discuss the application of flip-flops in data storage ™ Describe how flip-flops are 
used for frequency division ™ Explain how flip-flops are used in basic counter 
applications 


Parallel Data Storage 


A common requirement in digital systems is to store several bits of data from parallel lines 
simultaneously in a group of flip-flops. This operation is illustrated in Figure 7—36(a) using 
four flip-flops. Each of the four parallel data lines is connected to the D input of a flip-flop. 
The clock inputs of the flip-flops are connected together, so that each flip-flop is triggered 
by the same clock pulse. In this example, positive edge-triggered flip-flops are used, so the 
data on the D inputs are stored simultaneously by the flip-flops on the positive edge of the 
clock, as indicated in the timing diagram in Figure 7—36(b). Also, the asynchronous reset (R) 
inputs are connected to a common CLR line, which initially resets all the flip-flops. 
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>» FIGURE 7-36 





Example of flip-flops used in a basic Do Q% 
register for parallel data storage. 
Do 
Dp, ! 
D, | 
D Q; 
D3 
Parallel Parallel CLR | | | 
data data | 
inputs outputs : 
CLK | | | 
| 
: | 
D, Q) Oy | : 
2 0 | 
| 
| 
Oi 1 | 
0 
| 
| TO 
Q, | 
0 
: | 
| 
QO; ai 
——EE—EE————— 
D; QO, \ AN , 
Flip-flops Data 
CLK cleared stored 
(b) 
CLR 


(a) 


This group of four flip-flops is an example of a basic register used for data storage. In dig- 
ital systems, data are normally stored in groups of bits (usually eight or multiples thereof) that 
represent numbers, codes, or other information. Registers are covered in detail in Chapter 9. 


_ Frequency Division 


Another application of a flip-flop is dividing (reducing) the frequency of a periodic wave- 
form. When a pulse waveform is applied to the clock input of a J-K flip-flop that is con- 
nected to toggle (J = K = 1), the Q output is a square wave with one-half the frequency of 
the clock input. Thus, a single flip-flop can be applied as a divide-by-2 device, as is illus- 
trated in Figure 7-37. As you can see, the flip-flop changes state on each triggering clock 


> FIGURE 7-37 HIGH 
The J-K flip-flop as a divide-by-2 
device. Q is one-half the frequency 
of CLK. 
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edge (positive edge-triggered in this case). This results in an output that changes at half the 
frequency of the clock waveform. 

Further division of a clock frequency can be achieved by using the output of one flip-flop 
as the clock input to a second flip-flop, as shown in Figure 7—38. The frequency of the Q, 
output is divided by 2 by flip-flop B. The Q; output is, therefore, one-fourth the frequency 
of the original clock input. Propagation delay times are not shown on the timing diagrams. 


HIGH HIGH <« FIGURE 7-38 


Example of two J-K flip-flops used 
to divide the clock frequency by 4. 
Q, is one-half and Qz is one-fourth 
the frequency of CLK. 





Flip-flop A Flip-flop B 


CLK CLL LL re 
| | | | | | | | | | | 


Seek be eel, hd ed Lal 
| | | | l | 
| | | | | | 


IS amg SION apa PR ey et 


By connecting flip-flops in this way, a frequency division of 2” is achieved, where n is 
the number of flip-flops. For example, three flip-flops divide the clock frequency by 2° = 
8; four flip-flops divide the clock frequency by 2* = 16; and so on. 


EXAMPLE 7-10 


Develop the f,,,, waveform for the circuit in Figure 7-39 when an 8 kHz square wave 


input is applied to the clock input of flip-flop A. 





Flip-flop A Flip-flop B 


A FIGURE 7-39 


Tou 


Solution The three flip-flops are connected to divide the input frequency by eight (2° = 8) and 
the fou, Waveform is shown in Figure 7-40. Since these are positive edge-triggered flip- 
flops, the outputs change on the positive-going clock edge. There is one output pulse 
for every eight input pulses, so the output frequency is 1 kHz. Waveforms of Q, and 


QO, are also shown. 
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A FIGURE 7-40 


Related Problem How many flip-flops are required to divide a frequency by thirty-two? 








Counting 


Another important application of flip-flops is in digital counters, which are covered in de- 
tail in Chapter 8. The concept is illustrated in Figure 7-41. The flip-flops are negative edge- 
triggered J-Ks. Both flip-flops are initially RESET. Flip-flop A toggles on the 
negative-going transition of each clock pulse. The Q output of flip-flop A clocks flip-flop 
B, so each time QO, makes a HIGH-to-LOW transition, flip-flop B toggles. The resulting QO, 
and Q, waveforms are shown in the figure. 


» FIGURE 7-41 


Flip-flops used to generate a binary 
count sequence. Two repetitions (00, 
01, 10, 11) are shown. 


CLK 





Flip-flop A Flip-flop B 


Binary Binary 
sequence sequence 


Observe the sequence of Q, and Q, in Figure 7-41. Prior to clock pulse 1, Q, = 0 and 
QO, = 0; after clock pulse 1, Q, = 1 and Qz = 0; after clock pulse 2, Q, = 0 and Q; = 
1; and after clock pulse 3, Q, = 1 and Q; = 1. If we take Q, as the least significant bit, 
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a 2-bit sequence is produced as the flip-flops are clocked. This binary sequence repeats 
every four clock pulses, as shown in the timing diagram of Figure 7-41. Thus, the flip-flops 
are counting in sequence from 0 to 3 (00, 01, 10, 11) and then recycling back to 0 to begin 
the sequence again. 


EXAMPLE 7-11 
Determine the output waveforms in relation to the clock for Q,, Qz, and Q- in the 
circuit of Figure 7-42 and show the binary sequence represented by these 
waveforms. 


CLK 





A FIGURE 7-42 


Solution The output timing diagram is shown in Figure 7—43. Notice that the outputs change on 
the negative-going edge of the clock pulses. The outputs go through the binary 
sequence 000, 001, 010, 011, 100, 101, 110, and 111 as indicated. 


CLK 


A FIGURE 7-43 


Related Problem How many flip-flops are required to produce a binary sequence representing decimal 
numbers 0 through 15? 


| | SECTION 7-4 | 
| REVIEW 1. What is a group of flip-flops used for data storage called? | 


2. How must a J-K flip-flop be connected to function as a divide-by-2 device? 
3. How many flip-flops are required to produce a divide-by-64 device? 
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725.) ONE-sHOTS 





A one-shot produces a single 
pulse each time it is triggered. 


>» FIGURE 7-44 


A simple one-shot circuit. 


The one-shot is a monostable multivibrator, a device with only one stable state. A 
one-shot is normally in its stable state and will change to its unstable state only when 
triggered. Once it is triggered, the one-shot remains in its unstable state for a 
predetermined length of time and then automatically returns to its stable state. The 
time that the device stays in its unstable state determines the pulse width of its output. 


After completing this section, you should be able to 


= Describe the basic operation of a one-shot ® Explain how a nonretriggerable one- 
shot works ™ Explain how a retriggerable one-shot works ® Set up the 74121 and the 
74LS 122 one-shots to obtain a specified output pulse width ™ Recognize a Schmitt 
trigger symbol and explain basically what it means 


Figure 7-44 shows a basic one-shot (monostable multivibrator) that is composed of a 
logic gate and an inverter. When a pulse is applied to the trigger input, the output of gate 
G, goes LOW. This HIGH-to-LOW transition is coupled through the capacitor to the input 
of inverter G,. The apparent LOW on G, makes its output go HIGH. This HIGH is con- 
nected back into G,, keeping its output LOW. Up to this point the trigger pulse has caused 
the output of the one-shot, Q, to go HIGH. 


Trigger 





| | | | 
] | | | 
Apparent LOW 





The capacitor immediately begins to charge through R toward the high voltage level. The 
rate at which it charges is determined by the RC time constant. When the capacitor charges 
to a certain level, which appears as a HIGH to G, the output goes back LOW. 

To summarize, the output of inverter G, goes HIGH in response to the trigger input. It 
remains HIGH for a time set by the RC time constant. At the end of this time, it goes LOW. 
A single narrow trigger pulse produces a single output pulse whose time duration is con- 
trolled by the RC time constant. This operation is illustrated in Figure 7-44. 

A typical one-shot logic symbol is shown in Figure 7—45(a), and the same symbol with 
an external R and C is shown in Figure 7-45(b). The two basic types of IC one-shots are 
nonretriggerable and retriggerable. 






> FIGURE 7-45 4V 
Basic one-shot logic symbols. CX and 
RX stand for external components. Rext 
FA. 0 O 
Trigger Be: Trigger 
o— O O 


(a) (b) 
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A nonretriggerable one-shot will not respond to any additional trigger pulses from the 
time it is triggered into its unstable state until it returns to its stable state. In other words, it 
will ignore any trigger pulses occurring before it times out. The time that the one-shot re- 
mains in its unstable state is the pulse width of the output. 

Figure 7-46 shows the nonretriggerable one-shot being triggered at intervals greater 
than its pulse width and at intervals less than the pulse width. Notice that in the second case, 
the additional pulses are ignored. 


| | | | | | <« FIGURE 7-46 
Trigger 


Nonretriggerable one-shot action. 
Q | aes || 
ge she 


These pulses are 
~ ignored by the 
Po t: one-shot. 
Trigger | | | | | | | | | | 


Q | perc hall 
(b) e—— tw ——+| 


A retriggerable one-shot can be triggered before it times out. The result of retriggering 
is an extension of the pulse width as illustrated in Figure 7-47. 


[| | «@ FIGURE 7-47 
Trigger 


Retriggerable one-shot action. 


a od eR eee. cal ae ee fe 


© tw 
Trigger | | | | aha” ee ha aS 
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The 74121 is an example of a nonretriggerable IC one-shot. It has provisions for external R 
and C, as shown in Figure 7-48. The inputs labeled A,, A>, and B are gated trigger inputs. 
The Ryyz input connects to a 2 kQ internal timing resistor. 


Setting the Pulse Width _ A typical pulse width of about 30 ns is produced when no ex- 
ternal timing components are used and the internal timing resistor (Ryy7) 1s connected to 
Voc, as shown in Figure 7—49(a). The pulse width can be set anywhere between about 30 ns 
and 28 s by the use of external components. Figure 7—49(b) shows the configuration using 
the internal resistor (2 kQ) and an external capacitor. Part (c) shows the configuration us- 
ing an external resistor and an external capacitor. The output pulse width is set by the val- 
ues of the resistor (Riyp = 2 kQ, and Rex-7 is selected) and the capacitor according to the 
following formula: 


tw — 0.7RCeExt Equation 7-1 


where R is either Ry or Rexrp- When R is in kilohms (kQ) and Cgxz is in picofarads (pF), 
the output pulse width fy is in nanoseconds (ns). 
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A 
B 
Rint 
Cext 
Rext/Cext 
Rint Cext Rext/Cexr 
(a) Traditional logic symbol (b) ANSI/IEEE std. 91—1984 logic symbol 


(X = nonlogic connection). “] I~L” is the 
qualifying symbol for a nonretriggerable 
one-shot. 


4 FIGURE 7-48 
Logic symbols for the 74121 nonretriggerable one-shot. 





Voc Vec 





Cext 
(a) No external components (b) Riyz and Cexr 
Riwt to Vec lw = 0.7(2 kQ)Cexr 
lw = 30 ns 


(c) Rext and Cext 
tw = 0.7Rexr Cext 


A FIGURE 7-49 
Three ways to set the pulse width of a 74121. 


The Schmitt-Trigger Symbol The symbol JJ indicates a Schmitt-trigger input. This type 
of input uses a special threshold circuit that produces hysteresis, a characteristic that pre- 
vents erratic switching between states when a slow-changing trigger voltage hovers around 
the critical input level. This allows reliable triggering to occur even when the input is chang- 
ing as slowly as 1 volt/second. 





The 74LS122 is an example of a retriggerable IC one-shot with a clear input. It also has pro- 
visions for external R and C, as shown in Figure 7-50. The inputs labeled A,, A>, B;, and B, 
are the gated trigger inputs. 
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CLR 


Rwr  Cexr Rext/Cext 


(a) Traditional logic symbol (b) ANSI/IEEE std. 91-1984 logic symbol 
(X =nonlogic connection). IL is the 
qualifying symbol for a retriggerable 
one-shot. 


A FIGURE 7-50 
Logic symbol for the 74LS122 retriggerable one-shot. 


A minimum pulse width of approximately 45 ns is obtained with no external compo- 
nents. Wider pulse widths are achieved by using external components. A general formula 
for calculating the values of these components for a specified pulse width (ty) is 


0.7 


where 0.32 is a constant determined by the particular type of one-shot, R is in kQ and is ei- 
ther the internal or the external resistor, Cgxyz is in pF, and fy is in ns. The internal resis- 
tance is 10 kQ2 and can be used instead of an external resistor. (Notice the difference 
between this formula and that for the 74121, shown in Equation 7-1.) 








EXAMPLE 7-12 
A certain application requires a one-shot with a pulse width of approximately 100 ms. 
Using a 74121, show the connections and the component values. 


Solution Arbitrarily select Rex; = 39 kQ and calculate the necessary capacitance. 
tw = 0.7RextCextr 
ly 
Cot = == 
where Cpyr is in pF, Rexr is in kQ, and ty is in ns. Since 100 ms = 1 x 10° ns, 


1 xX 10° ns 


Cex = ————— = 3.66 X 10° pF = 3.66 pF 
BAD O7G9KO) ss . 


A standard 3.3 wF capacitor will give an output pulse width of 91 ms. The proper 
connections are shown in Figure 7-51. To achieve a pulse width closer to 100 ms, 
other combinations of values for Rex; and Cgxz can be tried. For example, Rey; = 
68 kQ and Cry; = 2.2 pF gives a pulse width of 105 ms. 
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>» FIGURE 7-51 


I< fy = 91 ms >| 





Related Problem Use an external capacitor in conjunction with Rjy7 to produce an output pulse width of 
10 ps from the 74121. 


EXAMPLE 7-13 
Determine the values of Rey; and Cgxz that will produce a pulse width of | ws when 
connected to a 74LS122. 


Solution Assume a value of Cex; = 560 pF and then solve for Rey. The pulse width must be 
expressed in ns and Cgx7 in pF. Rex will be in kQ. 





0.32 Ri Cap | 


EXT 


0.7 


EXT 


0.32RextCexr + (0.7)(0.32)Cexr 
cia O.32C user 0.32Cavr 
_ 1000 ns 
~~ (0.32)560 pF 


Use a standard value of 4.7 kQ. 


0.7 


0.7 = 4.88 kO 


Related Problem Show the connections and component values for a 74LS122 one-shot with an output 
pulse width of 5 ws. Assume Cpx7 = 560 pF. 





An Application 


One practical one-shot application is a sequential timer that can be used to illuminate a se- 
ries of lights. This type of circuit can be used, for example, in a lane change directional in- 
dicator for highway construction projects or in sequential turn signals on automobiles. 
Figure 7—52 shows three 74LS122 one-shots connected as a sequential timer. This par- 
ticular circuit produces a sequence of three | s pulses. The first one-shot is triggered by 
a switch closure or a low-frequency pulse input, producing a | s output pulse. When the 
first one-shot (OS 1) times out and the | s pulse goes LOW, the second one-shot (OS 2) 
is triggered, also producing a | s output pulse. When this second pulse goes LOW, the 
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third one-shot (OS 3) is triggered and the third | s pulse is produced. The output timing 
is illustrated in the figure. Variations of this basic arrangement can be used to produce a 
variety of timed outputs. 


AT kO, 





Vcc O 


& FIGURE 7-52 


A sequential timing circuit using three 74LS122 one-shots. 


[sEcTION 7-5 
REVIEW 1. Describe the difference between a nonretriggerable and a retriggerable one-shot. 


2. How is the output ae width set in most IC one-shots? 





THE 555 TIMER 


The 555 timer is a versatile and widely used IC device because it can be configured in two 
different modes as either a monostable multivibrator (one-shot) or as an astable multi- 
vibrator (oscillator). An astable multivibrator has no stable states and therefore changes 
back and forth (oscillates) between two unstable states without any external triggering. 


After completing this section, you should be able to 


= Describe the basic elements in a 555 timer ™ Set up a 555 timer as a one-shot 
m™ Set up a 555 timer as an oscillator 


Basic Operation 


A functional diagram showing the internal components of a 555 timer is shown in Figure A 555 timer can operate as either 
7-53. The comparators are devices whose outputs are HIGH when the voltage on the positive a one-shot (monostable) or as an 
(+) input is greater than the voltage on the negative (—) input and LOW when the — input oscillator (astable). 

voltage is greater than the + input voltage. The voltage divider consisting of three 5 kQ re- 

sistors provides a trigger level of '/;Vcc and a threshold level of */;Vcc. The control voltage in- 

put (pin 5) can be used to externally adjust the trigger and threshold levels to other values 

if necessary. When the normally HIGH trigger input momentarily goes below a Veds the 
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» FIGURE 7-53 


Internal functional diagram of a 555 


timer (pin numbers are in 
parenthesis). 


Equation 7-3 


» FIGURE 7-54 


The 555 timer connected as a one- 
shot. 


output of comparator B switches from LOW to HIGH and sets the S-R latch, causing the out- 
put (pin 3) to go HIGH and turning the discharge transistor Q, off. The output will stay HIGH 
until the normally LOW threshold input goes above qe Vcc and causes the output of compara- 
tor A to switch from LOW to HIGH. This resets the latch, causing the output to go back LOW 
and turning the discharge transistor on. The external reset input can be used to reset the latch 
independent of the threshold circuit. The trigger and threshold inputs (pins 2 and 6) are con- 
trolled by external components connected to produce either monostable or astable action. 


Vec 
©) 










355 


Threshold o 


(5) 


Control O 
voltage 
O Output 


Output 
buffer 













Trigger O 


| Comparator B 


Discharge 


Discharge O transistor 
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GND Reset 


~Monostable (One-Shot) Operation 


An external resistor and capacitor connected as shown in Figure 7—54 are used to set up the 
555 timer as a nonretriggerable one-shot. The pulse width of the output is determined by 
the time constant of Rk, and C, according to the following formula: 


tw — L.1R,C, 
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The control voltage input is not used and is connected to a decoupling capacitor C, to pre- 
vent noise from affecting the trigger and threshold levels. 

Before a trigger pulse is applied, the output is LOW and the discharge transistor Q, is 
on, keeping C, discharged as shown in Figure 7—55(a). When a negative-going trigger 
pulse is applied at fp, the output goes HIGH and the discharge transistor turns off, allow- 
ing capacitor C, to begin charging through R, as shown in part (b). When C, charges to 
'/3Vec, the output goes back LOW at t, and Q, turns on immediately, discharging C, as 
shown in part (c). As you can see, the charging rate of C, determines how long the out- 
put is HIGH. 


O Output 


HIGH 
Trigger 





(a) Prior to triggering. (The current path is indicated by the red arrow.) (b) When triggered 





Discharging 
al f, 


(c) At end of charging interval 


& FIGURE 7-55 





One-shot operation of the 555 timer. 


406 8 
| EXAMPLE 7-14 


Solution 


Related Problem 
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What is the output pulse width for a 555 monostable circuit with R; = 2.2 kQ and 
C, = 0.01 pF? 


From Equation 7—3 the pulse width is 
tw = 1.1R,C, = 1.1(2.2 kQ)(0.01 wF) = 24.2 ws 


For C, = 0.01 uF, determine the value of R, for a pulse width of 1 ms. 





COMPUTER NOTE 





All computers require a timing 
source to provide accurate clock 
waveforms. The timing section 
controls all system timing and is 
responsible for the proper 
operation of the system hardware. 
The timing section usually consists 
of a crystal-controlled oscillator 
and counters for frequency 
division. Using a high-frequency 
oscillator divided down to a lower 
frequency provides for greater 
accuracy and frequency stability. 


Equation 7-4 


_Astable Operation 


A 555 timer connected to operate as an astable multivibrator, which 1s a nonsinusoidal oscilla- 
tor, is shown in Figure 7—56. Notice that the threshold input (THRESH) is now connected to the 
trigger input (7R/G). The external components R,, R>, and C, form the timing network that sets 
the frequency of oscillation. The 0.01 uF capacitor, C,, connected to the control (CONT) input 
is strictly for decoupling and has no effect on the operation; in some cases it can be left off. 


+Voc 






RESET 
DISCH 





aO0 


THRESH 







TRIG 





(decoupling optional) 


A FIGURE 7-56 


The 555 timer connected as an astable multivibrator (oscillator). 


Initially, when the power is turned on, the capacitor (C,) is uncharged and thus the trig- 
ger voltage (pin 2) is at 0 V. This causes the output of comparator B to be HIGH and the out- 
put of comparator A to be LOW, forcing the output of the latch, and thus the base of Q,, LOW 
and keeping the transistor off. Now, C; begins charging through R, and R,, as indicated in 
Figure 7-57. When the capacitor voltage reaches Ws Vcc, comparator B switches to its LOW 
output state; and when the capacitor voltage reaches *Vecs comparator A switches to its 
HIGH output state. This resets the latch, causing the base of Q, to go HIGH and turning on 
the transistor. This sequence creates a discharge path for the capacitor through R, and the 
transistor, as indicated. The capacitor now begins to discharge, causing comparator A to go 
LOW. At the point where the capacitor discharges down to UsVecs comparator B switches 
HIGH; this sets the latch, making the base of Q, LOW and turning off the transistor. Another 
charging cycle begins, and the entire process repeats. The result is a rectangular wave output 
whose duty cycle depends on the values of R, and R,. The frequency of oscillation is given 
by the following formula, or it can be found using the graph in Figure 7-58. 


1.44 


f= (R, + 2R,)C, 
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A FIGURE 7-57 
Operation of the 555 timer in the astable mode. 
100 <¢ FIGURE 7-58 







Frequency of oscillation as a function 
of C, and R; + 2R>. The sloped lines 
are values of R; + 2R>. 
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By selecting R, and R,, the duty cycle of the output can be adjusted. Since C, charges 
through R, + R, and discharges only through R,, duty cycles approaching a minimum of 
50 percent can be achieved if R, > > R, so that the charging and discharging times are ap- 
proximately equal. 

An expression for the duty cycle is developed as follows. The time that the output is 
HIGH (t,,) is how long it takes C, to charge from : Voc to “Vee: It is expressed as 


ty = 0.7(R, + R,)C, Equation 7-5 


The time that the output is LOW (f,) is how long it takes C, to discharge from /3Vec to 
*/;Voc. It is expressed as 


t, = 0.7R,C, Equation 7-6 
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, EXAMPLE 7-15 


LATCHES, FLIP-FLOPS, AND TIMERS 


Equation 7-7 


Equation 7-8 





a 


The period, 7; of the output waveform is the sum of ft, and t,. This is the reciprocal of fin 
Equation 7-4. 


T= ty + t, = 0.7(R,; + 2R)C, 
Finally, the duty cycle is 





te En 
Duty cycle = — = 

oe L tg + & 
Duty cycle = a Ba 100% 
uty cycle = R, + 2K, 0 


To achieve duty cycles of less than 50 percent, the circuit in Figure 7-56 can be modi- 
fied so that C, charges through only R, and discharges through R>. This is achieved with a 
diode, D,, placed as shown in Figure 7-59. The duty cycle can be made less than 50 per- 
cent by making R;, less than R,. Under this condition, the expression for the duty cycle is 


R, 


————— | LOU% 
R, + Rk, 


Duty cycle = ( 


>» FIGURE 7-59 Voc 
The addition of diode D, allows the 
duty cycle of the output to be 
adjusted to less than 50 percent by 
making R, < Rp. 
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A 555 timer configured to run in the astable mode (oscillator) is shown in Figure 
7-60. Determine the frequency of the output and the duty cycle. 


» FIGURE 7-60 
Open file F07-60 to verify 


operation. 


+5.5V 


RESET Vee 
DISCH 


555 


THRESH OUT 











TRIG CONT 


Ci 
Te 0.022 uF 
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Solution Use Equations 7-4 and 7-7. 
1.44 1.44 


IR 4+ OR)C,  (22kO + 94KM)0.022 pF 

eae (eee) icon Caeser 

R, + 2R, 2.2kQ, + 9.4k0 

Related Problem Determine the duty cycle in Figure 7—60 if a diode is connected across R, as indicated 
in Figure 7-59. 


| SECTION 7-6 | 
| REVIEW 1. Explain the difference in operation between an astable multivibrator and a | 


monostable multivibrator. 


= 5.64 kHz 


)r00¥e = $9.5% 





2. Fora certain astable multivibrator, t,, = 15 ms and T = 20 ms. What is the duty 
cycle of the output? 


TROUBLESHOOTING 





It is standard practice to test a new circuit design to be sure that it is operating as specified. 
New fixed-function designs are “breadboarded” and tested before the design is finalized. 
The term breadboard refers to a method of temporarily hooking up a circuit so that its 
operation can be verified and any faults (bugs) worked out before a prototype unit is built. 


After completing this section, you should be able to 


= Describe how the timing of a circuit can produce erroneous glitches ™ Approach the 
troubleshooting of a new design with greater insight and awareness of potential problems 





The circuit shown in Figure 7—61(a) generates two clock waveforms (CLK A and CLK B) 
that have an alternating occurrence of pulses. Each waveform is to be one-half the frequency 
of the original clock (CLK), as shown in the ideal timing diagram in part (b). 


«@ FIGURE 7-61 


Two-phase clock generator with 
ideal waveforms. Open file F07-61 
and verify the operation. 


CLK A 


CLK 





CLK B 





(a) 





CLK 
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tp 
7 PHL. 





CLK 
CLK A Q 
CLK B : | poe CLK A ie 
(a) Oscilloscope display of CLK A and CLK B waveforms with (b) Oscilloscope display showing propagation delay that creates 


glitches indicated by the “spikes”. 


» FIGURE 7-63 


Two-phase clock generator using 
negative edge-triggered flip-flop to 
eliminate glitches. Open file F07-63 
and verify the operation. 





glitch on CLK A waveform 


& FIGURE 7-62 
Oscilloscope displays for the circuit in Figure 7-61. 


When the circuit is tested with an oscilloscope or logic analyzer, the CLK A and CLK B 
waveforms appear on the display screen as shown in Figure 7—62(a). Since glitches occur on 
both waveforms, something is wrong with the circuit either in its basic design or in the way it 1s 
connected. Further investigation reveals that the glitches are caused by a race condition between 
the CLK signal and the Q and Q signals at the inputs of the AND gates. As displayed in Figure 
7-62(b), the propagation delays between CLK and Q and Q create a short-duration coincidence 
of HIGH levels at the leading edges of alternate clock pulses. Thus, there is a basic design flaw. 

The problem can be corrected by using a negative edge-triggered flip-flop in place of the pos- 
itive edge-triggered device, as shown in Figure 7—63(a). Although the propagation delays be- 
tween CLK and Q and Q still exist, they are initiated on the trailing edges of the clock (CLK), 
thus eliminating the glitches, as shown in the timing diagram of Figure 7—63(b). 


CLKA 
CLK 


CLK B 





(a) 
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SECTION 7-7 
REVIEW 





1. Can a negative edge-triggered D flip-flop be used in the circuit of Figure 7-63? 
2. What device can be used to provide the clock for the circuit in Figure 7-63? 
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Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 








DIGITAL SYSTEM 
APPLICATION 





Vehicle MY 

sensor MG | 
input cans te Mig a 

SR | 

i 

SY: } 

SG 


The traffic light control system that was 
started in Chapter 6 is continued in this 
chapter. In the last chapter, the 
combinational logic was developed. 





In this chapter, the timing circuits are 
developed. These circuits produce a 4s 
time interval for the caution light and a 
25 s time interval for the red and green 
lights. Also, a 4 Hz clock signal is produced 
by the timing circuits. The overall traffic 
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Traffic light control logic 





Combinational logic 












Sequential logic 
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Timing circuits 
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a Completed in this chapter 


a Completed in Chapter 6 
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was introduced in Chapter 6 is shown 
again in Figure 7—64 for reference. 


Timing Circuits Requirements 


The timing circuits consist of three parts— 


the 4s timer, the 25 s timer, and the 

10 kHz oscillator—as shown in the block 
diagram in Figure 7-65. The 4s timer 
and the 25 s timer are implemented with 
74121 one-shots as shown in Figure 7-66 
_ (a) and (b). The 10 kHz oscillator is 


Traffic light and 
interface unit 


a 





eal Completed in Chapter 8 





Traffic light control system block diagram. 


412 @& LATCHES, FLIP-FLOPS, AND TIMERS 


| implemented with a 555 timer as shown 


| in Figure 7—66(c). 
Short trigger 4 s timer Short timer : 
: System Assignment 
3 = Activity 1 Determine the external R 
Long trigger 25 s timer Long timer To sequential ; and C values for the 4 s timer in Figure 
logic 7-66(a). 
! = Activity 2 Determine the external R 
' and C values for the 25 s timer in Figure 
Oscillator 10 kHz clock 
i  7—66(b). 


Lm Activity 3 Determine the R and C 
values for the 10 kHz 555 oscillator in 


& FIGURE 7-65 
Figure 7-66(c). 


Block diagram of the timing circuits. 


+Voc 
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(a) 4s timer (b) 25 s timer (c) 10 kHz oscillator 


A FIGURE 7-66 
The timing circuits. 


Glitches that occur in digital systems are very fast (extremely short in duration) and can be 
difficult to see on an oscilloscope, particularly at lower sweep rates. A logic analyzer, how- 
ever, can show a glitch easily. To look for glitches using a logic analyzer, select “latch” mode 
or (if available) transitional sampling. In the latch mode, the analyzer looks for a voltage 


level change. When a change occurs, even if it is of extremely short duration (a few 
nanoseconds), the information is “latched” into the analyzer’s memory as another sam- 
pled data point. When the data are displayed, the glitch will show as an obvious change 
in the sampled data, making it easy to identify. 
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= Symbols for latches and flip-flops are shown in Figure 7-67. 





>» FIGURE 7-67 : 0 5 0 : 0 
EN 
re e—O RR Q ci o— oO 
(a) Active-HIGH (b) Active-LOW input (c) Gated S-R latch (d) Gated D latch 


input S-R latch S-R latch 


S Q D 
Sua a EC 
a; : 
Q D Q J Q 
OS 
O 





OE C 
Q O i P— 0 
(e) S-R edge-triggered (f) D edge-triggered (g) J-K edge-triggered 
flip-flops flip-flops flip-flops 


= Latches are bistable devices whose state normally depends on asynchronous inputs. 


m Edge-triggered flip-flops are bistable devices with synchronous inputs whose state depends on 
the inputs only at the triggering transition of a clock pulse. Changes in the outputs occur at the 
triggering transition of the clock. 


= Monostable multivibrators (one-shots) have one stable state. When the one-shot is triggered, the 
output goes to its unstable state for a time determined by an RC circuit. 


m Astable multivibrators have no stable states and are used as oscillators to generate timing 
waveforms in digital systems. 





Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Astable Having no stable state. An astable multivibrator oscillates between two quasi-stable states. 
Bistable Having two stable states. Flip-flops and latches are bistable multivibrators. 

Clear An asynchronous input used to reset a flip-flop (make the Q output 0). 

Clock The triggering input of a flip-flop. 


D flip-flop A type of bistable multivibrator in which the output assumes the state of the D input on 
the triggering edge of a clock pulse. 


Edge-triggered flip-flop A type of flip-flop in which the data are entered and appear on the output 
on the same clock edge. 


Hold time The time interval required for the control levels to remain on the inputs to a flip-flop after 
the triggering edge of the clock in order to reliably activate the device. 


J-K flip-flop A type of flip-flop that can operate in the SET, RESET, no-change, and toggle modes. 
Latch A bistable digital circuit used for storing a bit. 


Monostable Having only one stable state. A monostable multivibrator, commonly called a one-shot, 
produces a single pulse in response to a triggering input. 


One-shot A monostable multivibrator. 
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Power dissipation The amount of power required by a circuit. 
Preset An asynchronous input used to set a flip-flop (make the Q output 1). 


Propagation delay time The interval of time required after an input signal has been applied for the 
resulting output change to occur. 


RESET The state of a flip-flop or latch when the output is 0; the action of producing a RESET 
State. 


SET The state of a flip-flop or latch when the output is 1; the action of producing a SET state. 


Set-up time The time interval required for the control levels to be on the inputs to a digital circuit, 
such as a flip-flop, prior to the triggering edge of a clock pulse. 


Synchronous Having a fixed time relationship. 
Timer A circuit that can be used as a one-shot or as an oscillator. 


Toggle The action of a flip-flop when it changes state on each clock pulse. 


PSEUETEST Answers are at the end of the chapter. 


1. If an S-R latch has a | on the S input and a 0 on the R input and then the S input goes to 0, the 
latch will be 


(a) set (b) reset 
(c) invalid (d) clear 
2. The invalid state of an S-R latch occurs when 
(a) S=1,R=0 (b) S=0,R=1 
(c) S=1,R=1 (d) S=0,R=0 
3. Fora gated D latch, the Q output always equals the D input 
(a) before the enable pulse (b) during the enable pulse 
(c) immediately after the enable pulse (d) answers (b) and (c) 
4. Like the latch, the flip-flop belongs to a category of logic circuits known as 
(a) monostable multivibrators (b) bistable multivibrators 
(c) astable multivibrators (d) one-shots 
5. The purpose of the clock input to a flip-flop is to 
(a) clear the device 
(b) set the device 
(c) always cause the output to change states 
(d) cause the output to assume a state dependent on the controlling (S-R, J-K, or D) inputs. 
6. For an edge-triggered D flip-flop, 
(a) achange in the state of the flip-flop can occur only at a clock pulse edge 
(b) the state that the flip-flop goes to depends on the D input 
(c) the output follows the input at each clock pulse 
(d) all of these answers 
7. A feature that distinguishes the J-K flip-flop from the S-R flip-flop is the 
(a) toggle condition (b) preset input 
(c) type of clock (d) clear input 
8. A flip-flop is in the toggle condition when 
(a) J=1,K=0 (b) J=1,K=1 
(c) J=0,K=0 (d) J=0,K=1 
9. AJ-K flip-flop with J = 1 and K = 1 has a 10 kHz clock input. The Q output is 
(a) constantly HIGH (b) constantly LOW 


(c) a 10 kHz square wave (d) a5 kHz square wave 
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10. A one-shot is a type of 
(a) monostable multivibrator (b) astable multivibrator (c) timer 
(d) answers (a) and (c) (e) answers (b) and (c) 
11. The output pulse width of a nonretriggerable one-shot depends on 
(a) the trigger intervals (b) the supply voltage 
(c) aresistor and capacitor (d) the threshold voltage 


12. An astable multivibrator 


(a) requires a periodic trigger input (b) has no stable state 
(c) is an oscillator (d) produces a periodic pulse output 
(e) answers (a), (b), (c), and (d) (f) answers (b), (c), and (d) only 


/PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 7-1 _ Latches 


1. If the waveforms in Figure 7-68 are applied to an active-LOW input S-R latch, draw the 
resulting Q output waveform in relation to the inputs. Assume that Q starts LOW. 





» FIGURE 7-68 
O 





2. Solve Problem | for the input waveforms in Figure 7-69 applied to an active-HIGH S-R latch. 


» FIGURE 7-69 ‘ Ply LIL] l | | 


3. Solve Problem 1 for the input waveforms in Figure 7—70. 


» FIGURE 7-70 F i | rr ree | 


; 7 7 


4. Fora gated S-R latch, determine the Q and Q outputs for the inputs in Figure 7-71. Show 
them in proper relation to the enable input. Assume that QO starts LOW. 


» FIGURE 7-71 
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5. Solve Problem 4 for the inputs in Figure 7—72. 
6. Solve Problem 4 for the inputs in Figure 7-73. 


& FIGURE 7-72 & FIGURE 7-73 


7. For a gated D latch, the waveforms shown in Figure 7—74 are observed on its inputs. Draw the 


timing diagram showing the output waveform you would expect to see at Q if the latch is 
initially RESET. 


» FIGURE 7-74 


SECTION 7-2 Edge-Triggered Flip-Flops 


8. Two edge-triggered S-R flip-flops are shown in Figure 7—75. If the inputs are as shown, draw 
the Q output of each flip-flop relative to the clock, and explain the difference between the two. 
The flip-flops are initially RESET. 


S Q 
S | | | CLK CLK Beer oe 
ree Geet es See fe —o 





(a) (b) 
& FIGURE 7-75 


9. The Q output of an edge-triggered S-R flip-flop is shown in relation to the clock signal in 
Figure 7—76. Determine the input waveforms on the S and R inputs that are required to 
produce this output if the flip-flop is a positive edge-triggered type. 


» FIGURE 7-76 


10. Draw the Q output relative to the clock for a D flip-flop with the inputs as shown in Figure 
7-77. Assume positive edge-triggering and Q initially LOW. 


A FIGURE 7-77 


i» FIGURE 7-80 


» FIGURE 7-81 


» FIGURE 7-82 
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11. Solve Problem 10 for the inputs in Figure 7—78. 


4 FIGURE 7-78 


12. Fora positive edge-triggered J-K flip-flop with inputs as shown in Figure 7—79, determine the 
Q output relative to the clock. Assume that O starts LOW. 


» FIGURE 7-79 


13. Solve Problem 12 for the inputs in Figure 7-80. 


14. Determine the Q waveform relative to the clock if the signals shown in Figure 7-81 are 
applied to the inputs of the J-K flip-flop. Assume that Q is initially LOW. 


15. For a negative edge-triggered J-K flip-flop with the inputs in Figure 7-82, develop the Q 
output waveform relative to the clock. Assume that Q is initially LOW. 
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» FIGURE 7-84 


» FIGURE 7-85 


SECTION 7-3 


16. The following serial data are applied to the flip-flop through the AND gates as indicated in 
Figure 7-83. Determine the resulting serial data that appear on the Q output. There is one 
clock pulse for each bit time. Assume that Q is initially 0 and that PRE and CLR are HIGH. 
Rightmost bits are applied first. 

JF21010011 
AOLDLOTD 
JTL T1000 
K,;:0001110 
K,:1101100 
K;;1010101 


» FIGURE 7-83 





17. For the circuit in Figure 7-83, complete the timing diagram in Figure 7-84 by showing the Q 
output (which is initially LOW). Assume PRE and CLR remain HIGH. 








3 ! | L 


| | 
| | 
| 
| 
ae | | | | _— 
| | | 
| | 
| 


K, | | : : | 
| | 
| l 
K; | | 


18. Solve Problem 17 with the same J and K inputs but with the PRE and CLR inputs as shown in 
Figure 7—85 in relation to the clock. 


PRE | 
CLR | | 


Flip-Flop Operating Characteristics 
19. What determines the power dissipation of a flip-flop? 


20. Typically, a manufacturer’s data sheet specifies four different propagation delay times 
associated with a flip-flop. Name and describe each one. 


21. The data sheet of a certain flip-flop specifies that the minimum HIGH time for the clock pulse 
is 30 ns and the minimum LOW time is 37 ns. What is the maximum operating frequency? 


» FIGURE 7-87 


SECTION 7-4 


» FIGURE 7-88 


SECTION 7-5 
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22. The flip-flop in Figure 7—86 is initially RESET. Show the relation between the Q output and 
the clock pulse if propagation delay tp; (clock to Q) is 8 ns. 


» FIGURE 7-86 Voge 
J Q 
CLK _| | = C 
-32 ns> 
K O O 


23. The direct current required by a particular flip-flop that operates on a +5 V dc source is found 
to be 10 mA. A certain digital device uses 15 of these flip-flops. Determine the current 
capacity required for the +5 V dc supply and the total power dissipation of the system. 


24. For the circuit in Figure 7-87, determine the maximum frequency of the clock signal for 
reliable operation if the set-up time for each flip-flop is 2 ns and the propagation delays (tp; 4 
and tp,,) from clock to output are 5 ns for each flip-flop. 


Flip-flop A Flip-flop B 





CLK 


Flip-Flop Applications 
25. A D flip-flop is connected as shown in Figure 7-88. Determine the Q output in relation to the 
clock. What specific function does this device perform? 


D Q 


read LS Le Lh. if Bs 


26. For the circuit in Figure 7-87, develop a timing diagram for eight clock pulses, showing the 
Q, and Q, outputs in relation to the clock. 


One-Shots 
27. Determine the pulse width of a 74121 one-shot if the external resistor is 3.3 kQ and the 
external capacitor is 2000 pF. 


28. An output pulse of 5 ws duration is to be generated by a 74LS122 one-shot. Using a capacitor 
of 10,000 pF, determine the value of external resistance required. 
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SECTION 7-6 The 555 Timer 
29. Create a one-shot, using a 555 timer that will produce a 0.25 s output pulse. 


30. A 555 timer is configured to run as an astable multivibrator as shown in Figure 7-89. 
Determine its frequency. 


>» FIGURE 7-89 





Output 


31. Determine the values of the external resistors for a 555 timer used as an astable multivibrator 
with an output frequency of 20 kHz, if the external capacitor C is 0.002 pF and the duty cycle 
is to be approximately 75%. 


SECTION 7-7 _ Troubleshooting 


32. The flip-flop in Figure 7—90 is tested under all input conditions as shown. Is it operating 
properly? If not, what is the most likely fault? 








(a) (b) 





(c) (d) 


4 FIGURE 7-90 
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33. A 74HCO00 quad NAND gate IC is used to construct a gated S-R latch on a protoboard in the 
lab as shown in Figure 7-91. The schematic in part (a) is used to connect the circuit in part (b). 
When you try to operate the latch, you find that the Q output stays HIGH no matter what the 
inputs are. Determine the problem. 


34. Determine if the flip-flop in Figure 7—92 is operating properly, and if not, identify the most 
probable fault. 


Pe EE * wt cs saat Eas Eh 





(a) (b) 


A“ FIGURE 7-91 





A FIGURE 7-92 


35. The parallel data storage circuit in Figure 7-36 does not operate properly. To check it out, you 
first make sure that V.c and ground are connected, and then you apply LOW levels to all the D 
inputs and pulse the clock line. You check the Q outputs and find them all to be LOW;; so far, 
so good. Next you apply HIGHs to all the D inputs and again pulse the clock line. When you 
check the Q outputs, they are still all LOW. What is the problem, and what procedure will you 
use to isolate the fault to a single device? 
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36. The flip-flop circuit in Figure 7—93(a) is used to generate a binary count sequence. The gates 
form a decoder that is supposed to produce a HIGH when a binary zero or a binary three state 
occurs (00 or 11). When you check the Q, and Q, outputs, you get the display shown in part 
(b), which reveals glitches on the decoder output (X) in addition to the correct pulses. What is 
causing these glitches, and how can you eliminate them? 


+5 V +5 V CLK | | | | | | | | | | 





Glitch Glitch 
(a) (b) 


& FIGURE 7-93 


37. Determine the Q,, Q, and X outputs over six clock pulses in Figure 7—-93(a) for each of the 
following faults in the TTL circuits. Start with both Q, and QO; LOW. 


(a) J, input open (b) K, input open 
(c) Q, output open (d) clock input to flip-flop B shorted 
(e) gate G, output open 


38. Two 74121 one-shots are connected on a circuit board as shown in Figure 7-94. After 
observing the oscilloscope display, do you conclude that the circuit is operating properly? If 
not, what is the most likely problem? 


» FIGURE 7-94 





Digital System Application 
39. Use 555 timers to implement the 4 s and the 25 s one-shots for the timing circuits portion of 
the traffic light control system. The trigger input to the 555 cannot stay LOW after its 


negative-going transition, so you will have to develop a circuit to produce very short negative- 
going pulses to trigger the long and short timers when the system goes into each state. 
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_ 9c Special Design Problems 


40. Devise a basic counting circuit that produces a binary sequence from zero through seven by 
using negative edge-triggered J-K flip-flops. 





41. In the shipping department of a softball factory, the balls roll down a conveyor and through 
a chute single file into boxes for shipment. Each ball passing through the chute activates a 
switch circuit that produces an electrical pulse. The capacity of each box is 32 balls. 
Design a logic circuit to indicate when a box is full so that an empty box can be moved into 
position. 

42. List the design changes that would be necessary in the traffic light control system to add a 15 s 
left turn arrow for the main street. The turn arrow will occur after the red light and prior to the 
green light. Modify the state diagram from Chapter 6 to show these changes. 


Multisim Troubleshooting Practice 
43. Open file P07-43 and test the latches to determine which one is faulty. 
44. Open file PO7-44 and test the J-K flip-flops to determine which one is faulty. 





45. Open file PO7-45 and test the D flip-flops to determine which one is faulty. 
46. Open file PO7-46 and test the one-shots to determine which one is faulty. 


47. Open file PO7-47 and test the divide-by-four circuit to determine if there is a fault. If there is a 
fault, identify it if possible. 





SECTION 7-1 _ Latches 
1. Three types of latches are S-R, gated S-R, and gated D. 
2. SR = 00, NC; SK = 01, Q = 0; SR = 10, Q = 1; SR = 11, invalid 
3. Q=1 


SECTION 7-2 _ Edge-Triggered Flip-Flops 


1. The output of a gated S-R latch can change any time the gate enable (EN) input is active. 
The output of an edge-triggered S-R flip-flop can change only on the triggering edge of a 
clock pulse. 


2. The J-K flip-flop does not have an invalid state as does the S-R flip-flop. 


3. Output Q goes HIGH on the trailing edge of the first clock pulse, LOW on the trailing edge of 
the second pulse, HIGH on the trailing edge of the third pulse, and LOW on the trailing edge 
of the fourth pulse. 


SECTION 7-3 Flip-Flop Operating Characteristics 


1. (a) Set-up time is the time required for input data to be present before the triggering edge of 
the clock pulse. 


(b) Hold time is the time required for data to remain on the inputs after the triggering edge of 
the clock pulse. 


2. The 74AHC74 can be operated at the highest frequency, according to Table 7—5. 


SECTION 7-4 _ Flip-Flop Applications 
1. A group of data storage flip-flops is a register. 
2. For divide-by-2 operation, the flip-flop must toggle (J = 1, K = 1). 
3. Six flip-flops are used in a divide-by-64 device. 
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SECTION 7-5 One-Shots 


1. A nonretriggerable one-shot times out before it can respond to another trigger input. A 
retriggerable one-shot responds to each trigger input. 


2. Pulse width is set with external R and C components. 


SECTION 7-6 _ The 555 Timer 


1. An astable multivibrator has no stable state. A monostable multivibrator has one stable state. 


2. Duty cycle = (15 ms/20 ms)100% = 75% 


SECTION 7-7 _ Troubleshooting 
1. Yes, a negative edge-triggered D flip-flop can be used. 
2. An astable multivibrator using a 555 timer can be used to provide the clock. 





7-1 The Q output is the same as shown in Figure 7—5(b). 
7-2 See Figure 7-95. 7-3 See Figure 7—96. 
7-4 See Figure 7-97. 7-5 See Figure 7-98. 
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7-6 See Figure 7-99. 
7-8 See Figure 7-101. 


& FIGURE 7-99 


A FIGURE 7-101 


7-10 2° = 32. Five flip-flops are required. 
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7-7 See Figure 7—100. 
7-9 See Figure 7-102. 


4 FIGURE 7-100 
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4 FIGURE 7-102 


7-11 Sixteen states require four flip-flops (2* = 16). 
7-12 Cpy7 = 7143 pF connected from CX to RX/CX of the 74121. 
7-13 Cpxr = 560 pF, Rexp = 27 kQ. See Figure 7-103. 


7-14 R, = 91 kQ 
7-15 Duty cycle = 32% 


® FIGURE 7-103 
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CHAPTER OBJECTIVES 


Describe the difference between an asynchronous and a 


synchronous counter 
Analyze counter timing diagrams 
Analyze counter circuits 


Explain how propagation delays affect the operation of a 
counter 


Determine the modulus of a counter 
Modify the modulus of a counter 


Recognize the difference between a 4-bit binary counter and a 
decade counter 





= Use an up/down counter to generate forward and reverse 


binary sequences 
" Determine the sequence of a counter 
© Use IC counters in various applications 
© Design a counter that will have any specified sequence of states 
» Use cascaded counters to achieve a higher modulus 
© Use logic gates to decode any given state of a counter 
© Eliminate glitches in counter decoding 
"Explain how a digital clock operates 
© Interpret counter logic symbols that use dependency notation 


© Troubleshoot counters for various types of faults 





KEY TERMS 


Asynchronous Terminal count 
Recycle State machine 
Modulus State diagram 
Decade Cascade 
Synchronous 






INTRODUCTION 





As you learned in Chapter 7, flip-flops can be connected 
together to perform counting operations. Such a group of flip- 
flops is a counter. The number of flip-flops used and the way in 
which they are connected determine the number of states 
(called the modulus) and also the specific sequence of states 
that the counter goes through during each complete cycle. 

Counters are classified into two broad categories 
according to the way they are clocked: asynchronous and 
synchronous. In asynchronous counters, commonly called 
ripple counters, the first flip-flop is clocked by the external 
clock pulse and then each successive flip-flop is clocked by 
the output of the preceding flip-flop. In synchronous 
counters, the clock input is connected to all of the flip-flops 
so that they are clocked simultaneously. Within each of 
these two categories, counters are classified primarily by the 
type of sequence, the number of states, or the number of 
flip-flops in the counter. 
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H&M DIGITAL SYSTEM APPLICATION PREVIEW 





The Digital System Application illustrates the concepts from 
this chapter. It continues the traffic light control system from 
the last two chapters. The focus in this chapter is the 
sequential logic portion of the system that produces the 
traffic light sequence based on inputs from the timing 
circuits and the vehicle sensor. The portions of the system 
developed in Chapters 6 and 7 are combined with the 
sequential logic to complete the system. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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The clock input of an 
asynchronous counter is always 
connected only to the LSB flip- 
flop. 


» FIGURE 8-1 


A 2-bit asynchronous binary counter. 


Open file F08-01 to verify 
operation. 





>» FIGURE 8-2 


Timing diagram for the counter of 
Figure 8—1. As in previous chapters, 
output waveforms are shown in 
green. 


Asynchronous counters are also 
known as ripple counters. 


eo ASYNCHRONOUS COUNTER OPERATION 


The term asynchronous refers to events that do not have a fixed time relationship with 
each other and, generally, do not occur at the same time. An asynchronous counter is 
one in which the flip-flops (FF) within the counter do not change states at exactly the 
same time because they do not have a common clock pulse. 


After completing this section, you should be able to 


= Describe the operation of a 2-bit asynchronous binary counter ® Describe the 
operation of a 3-bit asynchronous binary counter ® Define ripple in relation to 
counters ® Describe the operation of an asynchronous decade counter ® Develop 
counter timing diagrams ® Discuss the 74LS93 4-bit asynchronous binary counter 


_A 2-Bit Asynchronous Binary Counter 


Figure 8—1 shows a 2-bit counter connected for asynchronous operation. Notice that the 
clock (CLK) is applied to the clock input (C) of only the first flop-flop, FFO, which is al- 
ways the least significant bit (LSB). The second flip-flop, FF1, is triggered by the Qy out- 
put of FFO. FFO changes state at the positive-going edge of each clock pulse, but FF] 
changes only when triggered by a positive-going transition of the Qy output of FFO. Because 
of the inherent propagation delay time through a flip-flop, a transition of the input clock 
pulse (CLK) and a transition of the Q, output of FFO can never occur at exactly the same 
time. Therefore, the two flip-flops are never simultaneously triggered, so the counter oper- 
ation is asynchronous. 


HIGH 





The Timing Diagram Let’s examine the basic operation of the asynchronous counter of 
Figure 8-1 by applying four clock pulses to FFO and observing the Q output of each flip- 
flop. Figure 8—2 illustrates the changes in the state of the flip-flop outputs in response to the 
clock pulses. Both flip-flops are connected for toggle operation (J = 1, K = 1) and are as- 
sumed to be initially RESET (Q LOW). 


CLK | 2 3 4 
a | fF | if 
! | ! | 
Outputs 4 Qy (LSB) | | | | 


Q, (MSB) ee Serres Fee 


The positive-going edge of CLK1 (clock pulse 1) causes the Qp output of FFO to go 
HIGH, as shown in Figure 8—2. At the same time the Qy output goes LOW, but it has no ef- 
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fect on FF1 because a positive-going transition must occur to trigger the flip-flop. After the 
leading edge of CLK1, Q) = 1 and Q, = 0. The positive-going edge of CLK2 causes Q, to 
go LOW. Output Q, goes HIGH and triggers FF1, causing Q, to go HIGH. After the lead- 
ing edge of CLK2, Q,) = 0 and Q, = |. The positive-going edge of CLK3 causes Qp to go 
HIGH again. Output Qy goes LOW and has no effect on FF1. Thus, after the leading edge 
of CLK3, Q) = 1 and Q, = 1. The positive-going edge of CLK4 causes Q) to go LOW, 
while Oo goes HIGH and triggers FF1, causing Q, to go LOW. After the leading edge of 
CLK4, Q) = 0 and Q, = 0. The counter has now recycled to its original state (both flip- 
flops are RESET). 

In the timing diagram, the waveforms of the Qj) and Q, outputs are shown relative to the 
clock pulses as illustrated in Figure 8—2. For simplicity, the transitions of Qo, Q;, and the 
clock pulses are shown as simultaneous even though this is an asynchronous counter. There 
is, of course, some small delay between the CLK and the Q, transition and between the Q) 
transition and the Q, transition. 

Note in Figure 8—2 that the 2-bit counter exhibits four different states, as you would ex- 
pect with two flip-flops (27 = 4). Also, notice that if Q, represents the least significant bit 
(LSB) and Q, represents the most significant bit (MSB), the sequence of counter states rep- 
resents a sequence of binary numbers as listed in Table 8—1. 


“<TABLE 8-1 
CLOCK PULSE 





Binary state sequence for the 





Initially 0 counter in Figure 8-1. 
] 0 
2 | 
3 I 
0 


Since it goes through a binary sequence, the counter in Figure 8—1 is a binary counter. 
It actually counts the number of clock pulses up to three, and on the fourth pulse it recy- 
cles to its original state (Q9 = 0, Q; = 0). The term recycle is commonly applied to 
counter operation; it refers to the transition of the counter from its final state back to its 
original state. 


A 3-Bit Asynchronous Binary Counter ‘The state sequence for a 3-bit binary counter is 
listed in Table 8—2, and a 3-bit asynchronous binary counter is shown in Figure 8—3(a). The 
basic operation is the same as that of the 2-bit counter except that the 3-bit counter has eight 


“< TABLE 8-2 






6 Hele © 26 Ey = 





State sequence for a 3-bit binary 





Initially 0 0 0 counter. 
| 0 0 I 
2 0 0 
3 0 1 
4 1 0) 0 
5 | 0 ] 
6 1 l 0 
7 ] | I 
8 (recycles) @) 0 0 





In digital logic, Qo is always the 
LSB unless otherwise specified. 
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» FIGURE 8-3 


Three-bit asynchronous binary 


counter and its timing diagram for 
one cycle. Open file F08-03 to verify 


operation. 





>» FIGURE 8-4 

Propagation delays in a 3-bit 
asynchronous (ripple-clocked) 
binary counter. 


HIGH 





(a) 


2 3 4 5 6 7 8 


CLK | 


| | | | | | | | 
| | | | | | | | 


| 
| 
| 

Q,(MSB) 0 | go 1 0) 0 I | | | | | I Q 


(b) Ie Recycles back to 0 


states, due to its three flip-flops. A timing diagram is shown in Figure 8—3(b) for eight clock 
pulses. Notice that the counter progresses through a binary count of zero through seven and 
then recycles to the zero state. This counter can be easily expanded for higher count, by con- 
necting additional toggle flip-flops. 


Propagation Delay Asynchronous counters are commonly referred to as ripple counters 
for the following reason: The effect of the input clock pulse is first “felt” by FFO. This ef- 
fect cannot get to FFl immediately because of the propagation delay through FFO. Then 
there is the propagation delay through FF1 before FF2 can be triggered. Thus, the effect of 
an input clock pulse “ripples” through the counter, taking some time, due to propagation 
delays, to reach the last flip-flop. 

To illustrate, notice that all three flip-flops in the counter of Figure 8—3 change state on 
the leading edge of CLK4. This ripple clocking effect is shown in Figure 8-4 for the first 
four clock pulses, with the propagation delays indicated. The LOW-to-HIGH transition of 
Qy occurs one delay time (tp;;,) after the positive-going transition of the clock pulse. The 


wie 
<— at err py (CLK to Q)) es le l put (CLK to Q,) 
i aoe a lpr x (Qy to Q,) mie. — tH (Qy to Q,) 
(CLK to Q,) : : a tpyy (Q, toQ,) 
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LOW-to-HIGH transition of QO, occurs one delay time (fp; ,,) after the positive-going transi- 
tion of Qj. The LOW-to-HIGH transition of Q, occurs one delay time (tp,,,) after the 
positive-going transition of Q,. As you can see, FF2 is not triggered until two delay times 
after the positive-going edge of the clock pulse, CLK4. Thus, it takes three propagation de- 
lay times for the effect of the clock pulse, CLK4, to ripple through the counter and change 
QO, from LOW to HIGH. 

This cumulative delay of an asynchronous counter is a major disadvantage in many ap- 
plications because it limits the rate at which the counter can be clocked and creates decod- 
ing problems. The maximum cumulative delay in a counter must be less than the period of 
the clock waveform. 


EXAMPLE 8-1 
A 4-bit asynchronous binary counter is shown in Figure 8—5(a). Each flip-flop is 


negative edge-triggered and has a propagation delay for 10 nanoseconds (ns). Develop 

a timing diagram showing the Q output of each flip-flop, and determine the total 

propagation delay time from the triggering edge of a clock pulse until a corresponding 

change can occur in the state of Q;. Also determine the maximum clock frequency at 

which the counter can be operated. 
| 
| 





“& FIGURE 8-5 





operation. 


Four-bit asynchronous binary counter and its timing diagram. Open file F08-05 and verify the 
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Solution 


Related Problem * 





A counter can have 2” states, 
where n is the number of flip- 
flops. 


The timing diagram with delays omitted is as shown in Figure 8—5(b). For the total 
delay time, the effect of CLK8 or CLK16 must propagate through four flip-flops 
before Q; changes, so 


tot) — 4X 10 ns = 40 ns 
The maximum clock frequency is 


— 
L(tot) 4O ns 





fax = = 25 MHz 


Show the timing diagram if all of the flip-flops in Figure 8—5(a) are positive edge- 
triggered. 


* Answers are at the end of the chapter. 


_Asynchronous Decade Counters 


The modulus of a counter is the number of unique states through which the counter will se- 
quence. The maximum possible number of states (maximum modulus) of a counter is 2", 
where n is the number of flip-flops in the counter. Counters can be designed to have a num- 
ber of states in their sequence that is less than the maximum of 2”. This type of sequence is 
called a truncated sequence. 

One common modulus for counters with truncated sequences is ten (called MOD10). 
Counters with ten states in their sequence are called decade counters. A decade counter 
with a count sequence of zero (0000) through nine (1001) is a BCD decade counter because 
its ten-state sequence produces the BCD code. This type of counter is useful in display ap- 
plications in which BCD is required for conversion to a decimal readout. 

To obtain a truncated sequence, it is necessary to force the counter to recycle before go- 
ing through all of its possible states. For example, the BCD decade counter must recycle 
back to the 0000 state after the 1001 state. A decade counter requires four flip-flops (three 
flip-flops are insufficient because 2° = 8). 

Let’s use a 4-bit asynchronous counter such as the one in Example 8-1 and modify its 
sequence to illustrate the principle of truncated counters. One way to make the counter re- 
cycle after the count of nine (1001) is to decode count ten (1010) with a NAND gate and 
connect the output of the NAND gate to the clear (CLR) inputs of the flip-flops, as shown 
in Figure 8—6(a). 


Partial Decoding Notice in Figure 8—6(a) that only Q, and Q; are connected to the NAND 
gate inputs. This arrangement is an example of partial decoding, in which the two unique 
states (0, = | and Q,; = 1) are sufficient to decode the count of ten because none of the 
other states (zero through nine) have both Q, and Q; HIGH at the same time. When the 
counter goes into count ten (1010), the decoding gate output goes LOW and asynchro- 
nously resets all the flip-flops. 

The resulting timing diagram is shown in Figure 8—6(b). Notice that there is a glitch on 
the Q, waveform. The reason for this glitch is that Q, must first go HIGH before the count 
of ten can be decoded. Not until several nanoseconds after the counter goes to the count of 
ten does the output of the decoding gate go LOW (both inputs are HIGH). Thus, the counter 
is in the 1010 state for a short time before it is reset to 0000, thus producing the glitch on 
Q, and the resulting glitch on the CLR line that resets the counter. 

Other truncated sequences can be implemented in a similar way, as Example 8—2 
shows. 
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10 decoder — <«@ FIGURE 8-6 
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An asynchronously clocked decade 


HIGH counter with asynchronous recycling. 


(a) 





CLE 1 y) 3 4 5 6 7 8 9 10 
| | | | | | | | | | 
| | | | | | | | | | 
Qo 

| | 
! | | | | 

| Glitch 
0, fe 





a 


CLR | 
Glitch” 
(b) 


: EXAMPLE 8-2 
Show how an asynchronous counter can be implemented having a modulus of twelve 


with a straight binary sequence from 0000 through 1011. 





Solution Since three flip-flops can produce a maximum of eight states, four flip-flops are 
required to produce any modulus greater than eight but less than or equal to sixteen. 
When the counter gets to its last state, 1011, it must recycle back to 0000 rather 
than going to its normal next state of 1100, as illustrated in the following sequence 
chart: 


Q, ® A DA 
0-0-0. 0 


j ’ Recycles 
i 0 a 


l l 0 Q <—— Normal next state 
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Observe that Q, and Q, both go to 0 anyway, but Q, and Q; must be forced to 0 on 
the twelfth clock pulse. Figure 8—7(a) shows the modulus-12 counter. The NAND gate 
partially decodes count twelve (1100) and resets flip-flop 2 and flip-flop 3. Thus, on 
the twelfth clock pulse, the counter is forced to recycle from count eleven to count 
zero, as shown in the timing diagram of Figure 8—7(b). (It is in count twelve for only a 
few nanoseconds before it is reset by the glitch on CLR.) 


12 decoder 


HIGH 





(a) 











CLK | 2 3 4 5 6 7 8 9 10 11 12 
| | | 
| | | | | | | | | | | | 
| | | | | | | | | 
Q) 
| | I | | | | 
| | | | | | | 
Q, : 
| : | ' Glitch | 
| | 
Q, | | 
| | | | 
| | | | 
Q, | | | | 
| | 
| | | 
Decoder | | | 
output | 
(CLR) Glitch a 


(b) 


A FIGURE 8-7 


Asynchronously clocked modulus-12 counter with asynchronous recycling. 


Related Problem How can the counter in Figure 8—7(a) be modified to make it a modulus-13 counter? 


The 74LS93 is an example of a specific integrated circuit asynchronous counter. As the 
logic diagram in Figure 8—8 shows, this device actually consists of a single flip-flop and 
a 3-bit asynchronous counter. This arrangement is for flexibility. It can be used as a 
divide-by-2 device if only the single flip-flop is used, or it can be used as a modulus-8 
counter if only the 3-bit counter portion is used. This device also provides gated reset in- 
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(1) 








CLK B 
Jy J J, J, 
(14) 
CLK A © Bay fs OO OC O> C 
Ky K, K, K, 
CLR CLR CLR CLR 
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RO(1) 
ot 
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Qo Q, —, Q, 
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4 FIGURE 8-8 


The 741593 4-bit asynchronous binary counter logic diagram. (Pin numbers are in parentheses, and 


all J and K inputs are internally connected HIGH.) 


puts, RO(/) and RO(2). When both of these inputs are HIGH, the counter is reset to the 
0000 state CLR. 

Additionally, the 74LS93 can be used as a 4-bit modulus-16 counter (counts 0 
through 15) by connecting the Q) output to the CLK B input as shown in Figure 8—9(a). 
It can also be configured as a decade counter (counts 0 through 9) with asynchronous 
recycling by using the gated reset inputs for partial decoding of count ten, as shown in 
Figure 8—9(b). 


CLK A I>C CTRDIV 16 CLK A O>C CTRDIV 10 
CLK B CLK B 

RO(1) RO(1) 

RO(2) RO(2) 





Q GQ, GY, YQ; Q% 9, Q QQ; 
(a) 74LS93 connected as a modulus-16 counter (b) 74LS93 connected as a decade counter 


4 FIGURE 8-9 


Two configurations of the 74L$93 asynchronous counter. (The qualifying label, CTR DIV n, indicates a 
counter with n states.) 





EXAMPLE 8-3 


Show how the 74LS93 can be used as a modulus-12 counter. 


Solution Use the gated reset inputs, RO(/) and RO(2), to partially decode count 12 (remember, 
there is an internal NAND gate associated with these inputs). The count-12 decoding 
is accomplished by connecting Q3 to RO(/) and Q, to RO(2), as shown in Figure 8-10. 
Output Qy is connected to CLK B to create a 4-bit counter. 
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Related Problem 


» FIGURE 8-10 


74LS93 connected as a modulus-12 CLK A O> C CTR DEV 12 
CLE. iB 


RO(I) 
RO(2) 


counter. 





Immediately after the counter goes to count 12 (1100), it is reset to OO00. The 
recycling, however, results in a glitch on Q, because the counter must go into the 1100 
state for several nanoseconds before recycling. 


Show how the 74LS93 can be connected as a modulus-13 counter. 














| [secrion 8-1 
| REVIEW 


Answers are at the end of the 


chapter. 





1. What does the term asynchronous mean in relation to counters? 
2. How many states does a modulus-14 counter have? What is the minimum number | 
of flip-flops required? | 








SYNCHRONOUS COUNTER OPERATION 


The term synchronous refers to events that have a fixed time relationship with each 
other. A synchronous counter is one in which all the flip-flops in the counter are 
clocked at the same time by a common clock pulse. 


After completing this section, you should be able to 


= Describe the operation of a 2-bit synchronous binary counter ® Describe the 
operation of a 3-bit synchronous binary counter ®™ Describe the operation of a 4-bit 
synchronous binary counter ® Describe the operation of a synchronous decade 
counter ™ Develop counter timing diagrams ® Discuss the 74HC163 4-bit binary 
counter and the 74F162 BCD decade counter 


_A 2-Bit Synchronous Binary Counter 


Figure 8—11 shows a 2-bit synchronous binary counter. Notice that an arrangement differ- 
ent from that for the asynchronous counter must be used for the /; and K, inputs of FF1 in 
order to achieve a binary sequence. 


> FIGURE 8-11 HIGH 


A 2-bit synchronous binary counter. 
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The operation of this synchronous counter is as follows: First, assume that the counter 
is initially in the binary 0 state; that is, both flip-flops are RESET. When the positive edge 
of the first clock pulse is applied, FFO will toggle and Q> will therefore go HIGH. What 
happens to FF1 at the positive-going edge of CLK1? To find out, let’s look at the input con- 
ditions of FF1. Inputs J, and K, are both LOW because Qo, to which they are connected, 
has not yet gone HIGH. Remember, there is a propagation delay from the triggering edge 
of the clock pulse until the Q output actually makes a transition. So, J = 0 and K = 0 when 
the leading edge of the first clock pulse is applied. This is a no-change condition, and there- 
fore FF1 does not change state. A timing detail of this portion of the counter operation is 
shown in Figure 8—12(a). 


CLE! 


Q) 


<— Propagation delay through FFO 








CLK3 | | CLK4 


l 
Q — <— Propagation delay through FFO Q% 





Q; 


or S&S = 


(c) (d) 
4 FIGURE 8-12 


Timing details for the 2-bit synchronous counter operation (the propagation delays of both flip-flops 
are assumed to be equal). 


After CLK1, Qy = | and Q, = 0 (which is the binary | state). When the leading edge of 
CLK2 occurs, FFO will toggle and Q, will go LOW. Since FF1 has a HIGH (Q) = 1) on its 
J, and K, inputs at the triggering edge of this clock pulse, the flip-flop toggles and Q, goes 
HIGH. Thus, after CLK2, Q) = 0 and Q; = 1 (which is a binary 2 state). The timing detail 
for this condition is shown in Figure 8—12(b). 

When the leading edge of CLK3 occurs, FFO again toggles to the SET state (Q) = 1), 
and FF1 remains SET (Q, = 1) because its J; and K, inputs are both LOW (Q, = 0). After 
this triggering edge, Qj = 1 and Q; = 1 (which is a binary 3 state). The timing detail is 
shown in Figure 8—12(c). 

Finally, at the leading edge of CLK4, Qy) and Q, go LOW because they both have a tog- 
gle condition on their J and K inputs. The timing detail is shown in Figure 8—12(d). The 
counter has now recycled to its original state, binary 0. 

The complete timing diagram for the counter in Figure 8—11 is shown in Figure 8—13. No- 
tice that all the waveform transitions appear coincident; that is, the propagation delays are 
not indicated. Although the delays are an important factor in the synchronous counter oper- 
ation, in an overall timing diagram they are normally omitted for simplicity. Major waveform 


“< FIGURE 8-13 
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l Timing diagram for the counter of 
I | I I 


é Leas ake Woo) ek Figure 8-11. 
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The clock input goes to each 
flip-flop in a synchronous 
counter. 


Propagation delay through FFO 





Propagation delay through FF] 


Propagation delay through FRO 








Propagation delay through FF] 
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» FIGURE 8-14 


A 3-bit synchronous binary counter. 
Open file F08-14 to verify the 
operation. 





» FIGURE 8-15 


Timing diagram for the counter of 
Figure 8—14. 





COMPUTER NOTE —— 


The TSC or time stamp counter in 
the Pentium is used for 
performance monitoring, which 
enables a number of parameters 
important to the overall 
performance of a Pentium system 
to be determined exactly. By 
reading the TSC before and after 
the execution of a procedure, the 
precise time required for the 
procedure can be determined 
based on the processor cycle time. 
In this way, the TSC forms the basis 
for all time evaluations in 
connection with optimizing system 
operation. For example, it can be 
accurately determined which of 
two or more programming 
sequences is more efficient. This is a 
very useful tool for compiler 
developers and system programmers 
in producing the most effective 
code for the Pentium. 






A 
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relationships resulting from the normal operation of a circuit can be conveyed completely 
without showing small delay and timing differences. However, in high-speed digital circuits, 
these small delays are an important consideration in design and troubleshooting. 


_A 3-Bit Synchronous Binary Counter 


A 3-bit synchronous binary counter is shown in Figure 8-14, and its timing diagram is 
shown in Figure 8—15. You can understand this counter operation by examining its sequence 
of states as shown in Table 8-3. 


HIGH 





» TABLE 8-3 
CLOCK PULSE 








Binary state sequence for a 3-bit 





binary counter. Initially 0 0 
] 0 
2 0 
3 0 
4 1 
5 1 
6 l 
dD | 
8 (recycles) 0 









First, let’s look at Qy. Notice that Q) changes on each clock pulse as the counter pro- 
gresses from its original state to its final state and then back to its original state. To pro- 
duce this operation, FFO must be held in the toggle mode by constant HIGHs on its J, and 
Ky inputs. Notice that Q; goes to the opposite state following each time Qy is a 1. This 
change occurs at CLK2, CLK4, CLK6, and CLK8. The CLK8 pulse causes the counter 
to recycle. To produce this operation, Qy is connected to the J, and K, inputs of FF1. 


SYNCHRONOUS COUNTER OPERATION 


When Q, is a 1 and aclock pulse occurs, FF1 is in the toggle mode and therefore changes 
state. The other times, when Q, is a 0, FF1 is in the no-change mode and remains in its 
present state. 

Next, let’s see how FF2 is made to change at the proper times according to the binary se- 
quence. Notice that both times Q, changes state, it is preceded by the unique condition in 
which both Qy and Q, are HIGH. This condition is detected by the AND gate and applied 
to the J, and K, inputs of FF2. Whenever both Q) and Q, are HIGH, the output of the AND 
gate makes the J, and K, inputs of FF2 HIGH, and FF2 toggles on the following clock pulse. 
At all other times, the J, and K, inputs of FF2 are held LOW by the AND gate output, and 
FF2 does not change state. 


_A 4-Bit Synchronous Binary Counter 


Figure 8—16(a) shows a 4-bit synchronous binary counter, and Figure 8—16(b) shows its 
timing diagram. This particular counter is implemented with negative edge-triggered flip- 
flops. The reasoning behind the J and K input control for the first three flip-flops is the same 
as previously discussed for the 3-bit counter. The fourth stage, FF3, changes only twice in 
the sequence. Notice that both of these transitions occur following the times that Qo, Q,, 
and Q, are all HIGH. This condition is decoded by AND gate G, so that when a clock pulse 
occurs, FF3 will change state. For all other times the J; and K;3 inputs of FF3 are LOW, and 
it is in a no-change condition. 


HIGH 


CLK 


QP, Q)2; Q, Q)2, Q) 2, d, 


(b) 
A FIGURE 8-16 





A 4-bit synchronous binary counter and timing diagram. Points where the AND gate outputs are 
HIGH are indicated by the shaded areas. 
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A decade counter has ten states. 


_A 4-Bit Synchronous Decade Counter 


As you know, a BCD decade counter exhibits a truncated binary sequence and goes from 
0000 through the 1001 state. Rather than going from the 1001 state to the 1010 state, it re- 
cycles to the 0000 state. A synchronous BCD decade counter is shown in Figure 8—17. The 
timing diagram for the decade counter is shown in Figure 8-18. 








» FIGURE 8-18 


Timing diagram for the BCD decade 


counter (Q, is the LSB). 


A FIGURE 8-17 
A synchronous BCD decade counter. Open file F08-17 to verify operation. 





You can understand the counter operation by examining the sequence of states in Table 
8—4 and by following the implementation in Figure 8—17. First, notice that FEO (Qp) tog- 
gles on each clock pulse, so the logic equation for its Jj and Kp inputs 1s 


Jy =Ky = 1 


This equation is implemented by connecting J) and Ky to a constant HIGH level. 
Next, notice in Table 8-4 that FF1 (Q,) changes on the next clock pulse each time 
Qy) = | and Q; = 0, so the logic equation for the J, and K, inputs is 


J, = K, = Qos 
This equation is implemented by ANDing Q, and Q, and connecting the gate output to the 
J, and K, inputs of FF1. 


Flip-flop 2 (Q,) changes on the next clock pulse each time both OQ, = 1 and Q, = 1. This 
requires an input logic equation as follows: 


J, = K, = QoQ, 


This equation is implemented by ANDing Qj and Q, and connecting the gate output to the 
J, and K, inputs of FF2. 
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<« TABLE 8-4 
States of a BCD decade counter. 


CLOCK PULSE 
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10 (recycles) 





Finally, FF3 (Q3) changes to the opposite state on the next clock pulse each time Qy) = 
1, QO, = 1, and Q, = 1 (state 7), or when Q, = 1 and Q; = | (state 9). The equation for this 
is as follows: 


J, = K3 = QQ:Q. + QoQ; 


This function is implemented with the AND/OR logic connected to the J; and K; inputs of 
FF3 as shown in the logic diagram in Figure 8-17. Notice that the differences between this 
decade counter and the modulus-16 binary counter in Figure 8—16 are the Q)Q03; AND gate, 
the Q9Q; AND gate, and the OR gate; this arrangement detects the occurrence of the 1001 
state and causes the counter to recycle properly on the next clock pulse. 





The 74HC163 is an example of an integrated circuit 4-bit synchronous binary counter. A 
logic symbol is shown in Figure 8—19 with pin numbers in parentheses. This counter has 
several features in addition to the basic functions previously discussed for the general syn- 
chronous binary counter. 





Data inputs << FIGURE 8-19 
toa “—_—-—-——— : 
D, D, DD, The 74HC163 4-bit synchronous 


binary counter. (The qualifying label 
CTR DIV 16 indicates a counter with 
sixteen states.) 





(4) | (5) | (6) 







CTR DIV 16 





RCO 


Q 2, 2 
7 Lh es a 


Data outputs 


First, the counter can be synchronously preset to any 4-bit binary number by applying 
the proper levels to the parallel data inputs. When a LOW is applied to the LOAD input, the 
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counter will assume the state of the data inputs on the next clock pulse. Thus, the counter 
sequence can be started with any 4-bit binary number. 

Also, there is an active-LOW clear input (CLR), which synchronously resets all four 
flip-flops in the counter. There are two enable inputs, ENP and ENT. These inputs must both 
be HIGH for the counter to sequence through its binary states. When at least one input is 
LOW, the counter is disabled. The ripple clock output (RCO) goes HIGH when the counter 
reaches the last state in its sequence of fifteen, called the terminal count (TC = 15). This 
output, in conjunction with the enable inputs, allows these counters to be cascaded for 
higher count sequences. 

Figure 8-20 shows a timing diagram of this counter being preset to twelve (1100) and 
then counting up to its terminal count, fifteen (1111). Input Dp is the least significant input 
bit, and Q, is the least significant output bit. 
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A FIGURE 8-20 
Timing example for a 74HC163. 


Let’s examine this timing diagram in detail. This will aid you in interpreting timing di- 
agrams in this chapter or on manufacturers’ data sheets. To begin, the LOW level pulse on 
the CLR input causes all the outputs (Qo, Q;, Qo, and Q3) to go LOW. 

Next, the LOW level pulse on the LOAD input synchronously enters the data on the data 
inputs (Dp, D;, D2, and D3) into the counter. These data appear on the Q outputs at the time 
of the first positive-going clock edge after LOAD goes LOW. This is the preset operation. 
In this particular example, Qy is LOW, Q, is LOW, Q, is HIGH, and Q; is HIGH. This, of 
course, is a binary 12 (Qp is the LSB). 

The counter now advances through states 13, 14, and 15 on the next three positive-going 
clock edges. It then recycles to 0, 1, 2 on the following clock pulses. Notice that both ENP 
and ENT inputs are HIGH during the state sequence. When ENP goes LOW, the counter is 
inhibited and remains in the binary 2 state. 
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The 74F162 is an example of a decade counter. It can be preset to any BCD count by the 
use of the data inputs and a LOW on the PE input. A LOW on the asynchronous SR will re- 
set the counter. The enable inputs CEP and CET must both be HIGH for the counter to ad- 
vance through its sequence of states in response to a positive transition on the CLK input. 
The enable inputs in conjunction with the terminal count, TC (1001), provide for cascading 
several decade counters. Figure 8-21 shows the logic symbol for the 74F162 counter, and 
Figure 8—22 is a timing diagram showing the counter being preset to count 7 (0111). Cas- 
caded counters will be discussed in Section 8-5. 





<< FIGURE 8-21 

The 74F162 synchronous BCD 
decade counter. (The qualifying 
label CTR DIV 10 indicates a counter 
with ten states.) 
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A FIGURE 8-22 
Timing example for a 74F162. 
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| [section 8-2 
_ PREVIEW 


1. How does a synchronous counter differ from an asynchronous counter? 
2. Explain the function of the preset feature of counters such as the 74HC163. 


3. Describe the purpose of the ENP and ENT inputs and the RCO output for the 
74HC163 counter. 
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» TABLE 8-5 


Up/Down sequence for a 3-bit 
binary counter. 


An up/down counter is one that is capable of progressing in either direction through a 
certain sequence. An up/down counter, sometimes called a bidirectional counter, can 
have any specified sequence of states. A 3-bit binary counter that advances upward 
through its sequence (0, 1, 2, 3, 4, 5, 6, 7) and then can be reversed so that it goes 
through the sequence in the opposite direction (7, 6, 5, 4, 3, 2, 1, 0) is an illustration of 
up/down sequential operation. 


After completing this section, you should be able to 


= Explain the basic operation of an up/down counter ® Discuss the 74HC190 
up/down decade counter 


In general, most up/down counters can be reversed at any point in their sequence. For in- 
stance, the 3-bit binary counter can be made to go through the following sequence: 


UP UP 
—  ————— —_———_——_—~ 
Oe tA 3S, 4, 6. TG ble. 
—-” —— 


DOWN DOWN 


Table 8—5 shows the complete up/down sequence for a 3-bit binary counter. The arrows 
indicate the state-to-state movement of the counter for both its UP and its DOWN modes 
of operation. An examination of Q, for both the up and down sequences shows that FFO tog- 
gles on each clock pulse. Thus, the J) and K, inputs of FFO are 


Jo = Ky = 1 


For the up sequence, Q, changes state on the next clock pulse when Q) = 1. For the down 
sequence, Q, changes on the next clock pulse when Q,) = 0. Thus, the J, and K, inputs of 
FF1 must equal | under the conditions expressed by the following equation: 


dy y= (Qo - UP) - (Q) - DOWN) 


CLOCK PULSE 


C 0 
a 0 
‘a I 
C I 
C 0 
C 0 
C: | 
C | 
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For the up sequence, Q, changes state on the next clock pulse when Qy = Q, = 1. For the 
down sequence, Q, changes on the next clock pulse when Qy) = Q, = 0. Thus, the J, and K, 
inputs of FF2 must equal | under the conditions expressed by the following equation: 


J, = Ky = (Qo* QO; - UP) + (Qo: O; - DOWN) 


Each of the conditions for the J and K inputs of each flip-flop produces a toggle at the ap- 
propriate point in the counter sequence. 

Figure 8—23 shows a basic implementation of a 3-bit up/down binary counter using the 
logic equations just developed for the J and K inputs of each flip-flop. Notice that the 
UP/DOWN control input is HIGH for UP and LOW for DOWN. 





UP «@ FIGURE 8-23 









A basic 3-bit up/down synchronous 
counter. Open file F08-23 to verify 
operation. 


UP/DOWN 





CLK 


7 EXAMPLE 8-4 
Show the timing diagram and determine the sequence of a 4-bit synchronous binary 


up/down counter if the clock and UP/DOWN control inputs have waveforms as shown 
in Figure 8—24(a). The counter starts in the all Os state and 1s positive edge-triggered. 
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A FIGURE 8-24 


Solution The timing diagram showing the Q outputs is shown in Figure 8—24(b). From these 
waveforms, the counter sequence is as shown in Table 8-6. 
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» TABLE 8-6 
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Related Problem Show the timing diagram if the UP/DOWN control waveform in Figure 8—24(a) is 








inverted. 


Figure 8—25 shows a logic diagram for the 74HC190, an example of an integrated circuit 
up/down synchronous counter. The direction of the count is determined by the level of the 
up/down input (D/ U). When this input is HIGH, the counter counts down; when it is LOW, 
the counter counts up. Also, this device can be preset to any desired BCD digit as deter- 
mined by the states of the data inputs when the LOAD input is LOW. 





>» FIGURE 8-25 D. D, D, D 


The 74HC190 up/down synchronous 
decade counter. 
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CLK 









CTR DIV 10 


(3) | (2) | (6) | 7) 


2 2, 2, Q; 


The MAX/MIN output produces a HIGH pulse when the terminal count nine (1001) is 
reached in the UP mode or when the terminal count zero (0000) is reached in the DOWN mode. 
This MAX/MIN output, along with the ripple clock output (RCO) and the count enable input 
(CTEN), is used when cascading counters. (Cascaded counters are discussed in Section 8-5.) 

Figure 8—26 is a timing diagram that shows the 74HC190 counter preset to seven (0111) 
and then going through a count-up sequence followed by a count-down sequence. The 
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MAX/MIN output is HIGH when the counter is in either the all-Os state (MIN) or the 1001 
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| | SECTION 8-3 | 
| REVIEW 1. A 4-bit up/down binary counter is in the DOWN mode and in the 1010 state.On © 
| the next clock pulse, to what state does the counter go? 


2. What is the terminal count of a 4-bit binary counter in the UP mode? In the DOWN 
mode? What is the next state after the terminal count in the DOWN mode? 
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In this section, you will see how sequential circuit design techniques can be applied 
specifically to counter design. In general, sequential circuits can be classified into two 
types: (1) those in which the output or outputs depend only on the present internal 
state (called Moore circuits) and (2) those in which the output or outputs depend on 
both the present state and the input or inputs (called Mealy circuits). This section is 
recommended for those who want an introduction to counter design or to state 
machine design in general. It is not a prerequisite for any other material. 


After completing this section, you should be able to 


= Describe a general sequential circuit in terms of its basic parts and its inputs and 
outputs ® Develop a state diagram for a given sequence ® Develop a next-state table 
for a specified counter sequence ®™ Create a flip-flop transition table ™ Use the 
Karnaugh map method to derive the logic requirements for a synchronous counter 

= Implement a counter to produce a specified sequence of states 
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» FIGURE 8-27 


General clocked sequential circuit. 


_ General Model of a Sequential Circuit 


Before proceeding with a specific counter design technique, let’s begin with a general def- 
inition of a sequential circuit or state machine: A general sequential circuit consists of a 
combinational logic section and a memory section (flip-flops), as shown in Figure 8—27. In 
a clocked sequential circuit, there is a clock input to the memory section as indicated. 


CLK 


Excitation lines 







Input 
combinational 
logic 


: Outputs 






Inputs 





State variable lines 


The information stored in the memory section, as well as the inputs to the combinational 
logic (Jy, J;, ..., /,,), 18 required for proper operation of the circuit. At any given time, the 
memory is in a State called the present state and will advance to a next state on a clock pulse 
as determined by conditions on the excitation lines (Yo, Y;,..., Lo )s The present state of the 
memory is represented by the state variables (Qo, Q),..., Q,). These state variables, along 
with the inputs (/p, /;,..., Z,,), determine the system outputs (Op, O),..., O,,). 

Not all sequential circuits have input and output variables as in the general model just 
discussed. However, all have excitation variables and state variables. Counters are a special 
case of clocked sequential circuits. In this section, a general design procedure for sequen- 
tial circuits is applied to synchronous counters in a series of steps. 


Step 1: State Diagram 


The first step in the design of a counter is to create a state diagram. A state diagram shows the 
progression of states through which the counter advances when it is clocked. As an example, 
Figure 8—28 is a state diagram for a basic 3-bit Gray code counter. This particular circuit has 
no inputs other than the clock and no outputs other than the outputs taken off each flip-flop in 
the counter. You may wish to review the coverage of the Gray code in Chapter 2 at this time. 


» FIGURE 8-28 


State diagram for a 3-bit Gray code 
counter. 





Step 2: Next-State Table 


Once the sequential circuit is defined by a state diagram, the second step is to derive a next- 
state table, which lists each state of the counter (present state) along with the corresponding 
next state. The next state is the state that the counter goes to from its present state upon ap- 
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plication of a clock pulse. The next-state table is derived from the state diagram and is 
shown in Table 8—7 for the 3-bit Gray code counter. Qp is the least significant bit. 
“« TABLE 8-7 


Next-state table for 3-bit Gray 
code counter. 


PRESENT STATE NEXT STATE 


Q2 OF Qo eF OF Qo 
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_ Step 3: Flip-Flop Transition Table 


Table 8—8 is a transition table for the J-K flip-flop. All possible output transitions are listed 
by showing the Q output of the flip-flop going from present states to next states. Oy is the 
present state of the flip-flop (before a clock pulse) and Qy , ; is the next state (after a clock 
pulse). For each output transition, the J and K inputs that will cause the transition to occur 
are listed. An X indicates a “don’t care” (the input can be either a 1 or a 0). 


OUTPUT TRANSITIONS FLIP-FLOP INPUTS 
Qn Qn + 1 J | K 


Q,: present state 
Qy + 1: next state 


X: “don’t care” 


To design the counter, the transition table is applied to each of the flip-flops in the 
counter, based on the next-state table (Table 8—7). For example, for the present state 000, 
QO, goes from a present state of O to a next state of 1. To make this happen, J) must be a | 
and you don’t care what Ky is (Jp = 1, Kp = X), as you can see in the transition table (Table 
8-8). Next, Q, is 0 in the present state and remains a 0 in the next state. For this transition, 
J, = 0 and K, = X. Finally, Q, is 0 in the present state and remains a 0 in the next state. 
Therefore, J, = 0 and K, = X. This analysis is repeated for each present state in Table 8-7. 


Step 4: Karnaugh Maps 


Karnaugh maps can be used to determine the logic required for the J and K inputs of each 
flip-flop in the counter. There is a Karnaugh map for the J input and a Karnaugh map for 
the K input of each flip-flop. In this design procedure, each cell in a Karnaugh map repre- 
sents one of the present states in the counter sequence listed in Table 8—7. 

From the J and K states in the transition table (Table 8—8) a 1, 0, or X is entered into each 
present state cell on the maps depending on the transition of the Q output for a particular flip- 
flop. To illustrate this procedure, two sample entries are shown for the Jy and the Ko inputs to 
the least significant flip-flop (Qo) in Figure 8-29. 


“« TABLE 8-8 


449 


Transition table for a J-K flip-flop. 
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The values of Jy and Ky required 
to produce the transition are 
placed on each map in the 
present-state cell. 


The values of Jp and Kg required 
to produce the transition are 
placed on each map in the 
present-state cell. 


For the present state 000, Qo 
Present State Next State _ makes a transition from 0 to | 


Co, @. Q; Q, QQ: @, : to the next state. 


Output Flip-Flop 
Transitions Inputs 


er 





_ For the present state 101, Qo 
makes a transition from | to 0 
to the next state. 





oor r COO RF 


Flip-flop transition table 





Next-state table 


A FIGURE 8-29 


Examples of the mapping procedure for the counter sequence represented in Table 8—7 and 
Table 8-8. 


The completed Karnaugh maps for all three flip-flops in the counter are shown in Figure 
8—30. The cells are grouped as indicated and the corresponding Boolean expressions for 
each group are derived. 


» FIGURE 8-30 


Karnaugh maps for present-state 
J and K inputs. 





0,0, 


0,0, 
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Step 5: Logic Expressions for Flip-Flop Inputs 


From the Karnaugh maps of Figure 8—30 you obtain the following expressions for the J and 
K inputs of each flip-flop: 


Ja = O30) 7 2,0, = 02,00, 
Ky = 0,0, o a0, = Q2,0Q, 


I, = O05 
K, = QQ, 
J, = QO,0o 
Ky = OOo 


Step 6: Counter Implementation 


The final step is to implement the combinational logic from the expressions for the J and K 
inputs and connect the flip-flops to form the complete 3-bit Gray code counter as shown in 
Figure 8-31. 





& FIGURE 8-31 





Three-bit Gray code counter. Open file F08-31 to verify operation. 


A summary of steps used in the design of this counter follows. In general, these steps 
can be applied to any sequential circuit. 


1. Specify the counter sequence and draw a state diagram. 
2. Derive a next-state table from the state diagram. 


3. Develop a transition table showing the flip-flop inputs required for each transition. 
The transition table is always the same for a given type of flip-flop. 


4. Transfer the J and K states from the transition table to Karnaugh maps. There is a 
Karnaugh map for each input of each flip-flop. 


5. Group the Karnaugh map cells to generate and derive the logic expression for 
each flip-flop input. 


6. Implement the expressions with combinational logic, and combine with the flip- 
flops to create the counter. 


This procedure is now applied to the design of other synchronous counters in Examples 8—5 
and 8-6. 
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EXAMPLE 8-5 


Design a counter with the irregular binary count sequence shown in the state diagram 
of Figure 8—32. Use J-K flip-flops. 


®» FIGURE 8-32 


Solution Step1: The state diagram is as shown. Although there are only four states, a 3-bit 
counter is required to implement this sequence because the maximum binary 
count is seven. Since the required sequence does not include all the possible 
binary states, the invalid states (0, 3, 4, and 6) can be treated as “don’t cares” 
in the design. However, if the counter should erroneously get into an invalid 
state, you must make sure that it goes back to a valid state. 


Step 2: The next-state table is developed from the state diagram and is given in 
Table 8-9. 


» TABLE 8-9 


PRESENT STATE NEXT STATE 
er Q; 


Next-state table. 


» TABLE 8-10 nD eee! ae 
OUTPUT TRANSITIONS FLIP-FLOP INPUTS 


Transition table for a J-K 
Qn Qn +4 J K 


flip-flop. 





Step 4: The J and K inputs are plotted on the present-state Karnaugh maps in Figure 
8-33. Also “don’t cares” can be placed in the cells corresponding to the 
invalid states of 000, 011, 100, and 110, as indicated by the red Xs. 
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®» FIGURE 8-33 





K, map 


Step 5: Group the Is, taking advantage of as many of the “don’t care” states as 
possible for maximum simplification, as shown in Figure 8—33. Notice that 
when all cells in a map are grouped, the expression is simply equal to 1. The 
expression for each J and K input taken from the maps is as follows: 


A = Iden SO 
J, = K,=1 
Jy = Ke = 0; 


Step 6: The implementation of the counter is shown in Figure 8—34. 


» FIGURE 8-34 





| 

| 

An analysis shows that if the counter, by accident, gets into one of the invalid states 
(0, 3, 4, 6), it will always return to a valid state according to the following sequences: 
QO 3 > 4-7, and.6-—> 1. 


Related Problem _ Verity the analysis that proves the counter will always return (eventually) to a valid 
state from an invalid state. 
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EXAMPLE 8-6 
Develop a synchronous 3-bit up/down counter with a Gray code sequence. The 
counter should count up when an UP/DOWN control input is 1 and count down when 
the control input is 0. 


Solution Step 1: The state diagram is shown in Figure 8—35. The | or 0 beside each arrow 
indicates the state of the UP/DOWN control input, Y. 


>» FIGURE 8-35 


State diagram for a 3-bit up/down 
Gray code counter. 





Step 2: The next-state table is derived from the state diagram and is shown in Table 
8—11. Notice that for each present state there are two possible next states, 
depending on the UP/DOWN control variable, Y. 


Vv TABLE 8-11 
Next-state table for 3-bit up/down Gray code counter. 


NEXT STATE 
PRESENT STATE 1) (ryehWin) Y = 1 (UP) 


Q? Q, Qo 
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Y = UP/DOWN control input. 





Step 3: The transition table for the J-K flip-flops is repeated in Table 8-12. 
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» TABLE 8-12 
Transition table for a J-K flip-flop. 


OUTPUT TRANSITIONS FLIP-FLOP INPUTS 
Qn Qn Se | J K 





Step 4: The Karnaugh maps for the J and K inputs of the flip-flops are shown in 
Figure 8-36. The UP/DOWN control input, Y, is considered one of the state 
variables along with Qo, Q,, and Q,. Using the next-state table, the 
information in the “Flip-Flop Inputs” column of Table 8—12 is transferred 
onto the maps as indicated for each present state of the counter. 








Q,05¥ 


A FIGURE 8-36 
J and K maps for Table 8-11. The UP / DOWN control input, Y, is treated as a fourth variable. 


Step 5: The ls are combined in the largest possible groupings, with “don’t cares” 
(Xs) used where possible. The groups are factored, and the expressions for 
the J and K inputs are as follows: 


Jo = QOY + Q,0,¥ + QOY + QOY Ky = OY + O,0,¥ + O,0,¥ + Q,0,¥ 
= QQoY = QOoY K, = Q,0oY + Q,QoY 
Jy = Q,0oY + O,QoY K, = Q,0oY + O,QoY 
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Step 6: The J and K equations are implemented with combinational logic, and the 


complete counter is shown in Figure 8-37. 


A 


Le 
— 


CLK 


4 FIGURE 8-37 


Three-bit up/down Gray code counter. 


Related Problem Verify that the logic in Figure 8-37 agrees with the expressions in Step 5. 
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| SECTION 8-4 : : | 
| PREVIEW 1. A flip-flop is presently in the RESET state and must go to the SET state on the next 


clock pulse. What must J and K be? 


2. A flip-flop is presently in the SET state and must remain SET on the next clock 
pulse. What must/ and K be? 


| 3. A binary counter is in the G;0;0;05 = 1010 state. 
| (a) What is its next state? 


(b) What condition must exist on each flip-flop input to ensure that it goes to the 
proper next state on the clock pulse? 


Bab oe CASCADED COUNTERS 


Counters can be connected in cascade to achieve higher-modulus operation. In essence, 
cascading means that the last-stage output of one counter drives the input of the next 
counter. 


After completing this section, you should be able to 


=m Determine the overall modulus of cascaded counters ™ Analyze the timing diagram 
of a cascaded counter configuration ™ Use cascaded counters as a frequency divider 
=m Use cascaded counters to achieve specified truncated sequences 


An example of two counters connected in cascade is shown in Figure 8-38 for a 2-bit 
and a 3-bit ripple counter. The timing diagram is shown in Figure 8—39. Notice that the 


<« FIGURE 8-38 


Two cascaded counters (all J and K 
Q, inputs are HIGH). 






Qo 
Modulus-4 counter 


<« FIGURE 8-39 


CLK 
1112131415 161718 19 MOM 2113 11415116117 18 119 12012 11221231241251261271281 29130131132 Timing diagram for the cascaded 
5 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | counter configuration of Figure 8-38. 
: | | | l 
_ | | | | | | | | | | | | | | | | 
QO; 
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The overall modulus of cascaded 
counters is equal to the product 
of the individual moduli. 










COMPUTER NOTE 


The time stamp counter (TSC), 
mentioned in the last computer 
note, is a 64-bit counter. It is 
interesting to observe that if this 
counter (or any full-modulus 64- 
bit counter) is clocked ata 
frequency of 100 MHz, it will take 
5,849 years for it to go through all 
of its states and reach its terminal 
count. In contrast, a 32-bit full- 
modulus counter will exhaust all of 
its states in approximately 43 
seconds when clocked at 100 MHz. 
The difference is astounding. 





» FIGURE 8-41 


Three cascaded decade counters 
forming a divide-by-1000 frequency 
divider with intermediate divide-by- 
10 and divide-by-100 outputs. 


final output of the modulus-8 counter, Q,, occurs once for every 32 input clock pulses. The 
overall modulus of the cascaded counters 1s 32; that is, they act as a divide-by-32 counter. 

When operating synchronous counters in a cascaded configuration, it is necessary to 
use the count enable and the terminal count functions to achieve higher-modulus opera- 
tion. On some devices the count enable is labeled simply CTEN (or some other designa- 
tion such as G), and terminal count (TC) is analogous to ripple clock output (RCO) on 
some IC counters. 

Figure 8—40 shows two decade counters connected in cascade. The terminal count 
(TC) output of counter 1 is connected to the count enable (CTEN) input of counter 2. 
Counter 2 is inhibited by the LOW on its CTEN input until counter | reaches its last, or 
terminal, state and its terminal count output goes HIGH. This HIGH now enables 
counter 2, so that when the first clock pulse after counter | reaches its terminal count 
(CLK10), counter 2 goes from its initial state to its second state. Upon completion of 
the entire second cycle of counter 1 (when counter | reaches terminal count the second 
time), counter 2 is again enabled and advances to its next state. This sequence contin- 
ues. Since these are decade counters, counter | must go through ten complete cycles be- 
fore counter 2 completes its first cycle. In other words, for every ten cycles of counter 
1, counter 2 goes through one cycle. Thus, counter 2 will complete one cycle after one 
hundred clock pulses. The overall modulus of these two cascaded counters is 10 x 
10 = 100. 
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4 FIGURE 8-40 


A modulus-100 counter using two cascaded decade counters. 


When viewed as a frequency divider, the circuit of Figure 8-40 divides the input clock 
frequency by 100. Cascaded counters are often used to divide a high-frequency clock sig- 
nal to obtain highly accurate pulse frequencies. Cascaded counter configurations used for 
such purposes are sometimes called countdown chains. For example, suppose that you have 
a basic clock frequency of | MHz and you wish to obtain 100 kHz, 10 kHz, and 1 kHz; a 
series of cascaded decade counters can be used. If the 1 MHz signal is divided by 10, the 
output is 100 kHz. Then if the 100 kHz signal is divided by 10, the output is 10 kHz. An- 
other division by 10 produces the 1 kHz frequency. The general implementation of this 
countdown chain is shown in Figure 8-41. 
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EXAMPLE 8-7 


Determine the overall modulus of the two cascaded counter configurations in Figure 8-42. 


Output 


CTR DIV 5 


Input 


CTR DIV 8 CTR DIV 12 
CTR DIV 10 CTR DIV 4 


& FIGURE 8-42 


CTR DIV 16 
CTR DIV 7 


















(a) 


Input Output 


(b) 


Solution In Figure 8—-42(a), the overall modulus for the 3-counter configuration is 
8 x 12 x 16 = 1536 
In Figure 8-42(b), the overall modulus for the 4-counter configuration is 


10x4x7x5 = 1400 


Related Problem How many cascaded decade counters are required to divide a clock frequency by 
100,000? 


EXAMPLE 8-8 
Use 74F162 decade counters to obtain a 10 kHz waveform from a | MHz clock. Show 


the logic diagram. 


Solution To obtain 10 kHz from a 1 MHz clock requires a division factor of 100. Two 74F162 
counters must be cascaded as shown in Figure 8-43. The left counter produces a TC 
pulse for every 10 clock pulses. The right counter produces a TC pulse for every 100 
clock pulses. 


tVoc 


(14)\(13)|(12) 


CLK 
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A FIGURE 8-43 
A divide-by-100 counter using two 74F162 decade counters. 


Related Problem Determine the frequency of the waveform at the Q, output of the second counter (the 
one on the right) in Figure 8-43. 
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[section 8-5 
| REVIEW 


Cascaded Counters with Truncated Sequences 


The preceding discussion has shown how to achieve an overall modulus (divide-by-factor) 
that is the product of the individual moduli of all the cascaded counters. This can be con- 
sidered full-modulus cascading. 

Often an application requires an overall modulus that is less than that achieved by full- 
modulus cascading. That is, a truncated sequence must be implemented with cascaded 
counters. To illustrate this method, we will use the cascaded counter configuration in Figure 
8—44. This particular circuit uses four 74HC161 4-bit synchronous binary counters. If these 
four counters (sixteen bits total) were cascaded in a full-modulus arrangement, the modu- 
lus would be 


2 = 65.536 
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A FIGURE 8-44 


A divide-by-40,000 counter using 74HC161 4-bit binary counters. Note that each of the parallel 
data inputs is shown in binary order (the right-most bit Dy is the LSB in each counter). 


Let’s assume that a certain application requires a divide-by-40,000 counter (modulus 
40,000). The difference between 65,536 and 40,000 is 25,536, which is the number of states 
that must be deleted from the full-modulus sequence. The technique used in the circuit of 
Figure 8—44 is to preset the cascaded counter to 25,536 (63CO in hexadecimal) each time it 
recycles, so that it will count from 25,536 up to 65,535 on each full cycle. Therefore, each 
full cycle of the counter consists of 40,000 states. 

Notice in Figure 8-44 that the RCO output of the right-most counter is inverted and ap- 
plied to the LOAD input of each 4-bit counter. Each time the count reaches its terminal value 
of 65,535, which is 1111111111111111,, RCO goes HIGH and causes the number on the par- 
allel data inputs (63C0;,) to be synchronously loaded into the counter with the clock pulse. 
Thus, there is one RCO pulse from the right-most 4-bit counter for every 40,000 clock pulses. 

With this technique any modulus can be achieved by synchronous loading of the counter 
to the appropriate initial state on each cycle. 





1. How many decade counters are necessary to implement a divide-by-1000 


(modulus-1000) counter? A divide-by-10,000? 


2. Show with general block diagrams how to achieve each of the following, using a flip- 
flop, a decade counter, and a 4-bit binary counter, or any combination of these: 


(a) Divide-by-20 counter (b) Divide-by-32 counter 
(c) Divide-by-160 counter (d) Divide-by-320 counter 
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baaen, COUNTER DECODING 


In many applications, it is necessary that some or all of the counter states be decoded. 
The decoding of a counter involves using decoders or logic gates to determine when the 
counter is in a certain binary state in its sequence. For instance, the terminal count 
function previously discussed is a single decoded state (the last state) in the counter 
sequence. 


After completing this section, you should be able to 


= Implement the decoding logic for any given state in a counter sequence ® Explain 
why glitches occur in counter decoding logic ® Use the method of strobing to eliminate 
decoding glitches 


Suppose that you wish to decode binary state 6 (110) of a 3-bit binary counter. When 
Q, = 1, Q; = 1, and Qy) = 0, a HIGH appears on the output of the decoding gate, indicat- 
ing that the counter is at state 6. This can be done as shown in Figure 8-45. This is called 
active-HIGH decoding. Replacing the AND gate with a NAND gate provides active-LOW 
decoding. 


CLK 





Decoded 6 
050)Q5 


A FIGURE 8-45 





Decoding of state 6 (110). Open file F08-45 to verify operation. 


| EXAMPLE 8-9 
Implement the decoding of binary state 2 and binary state 7 of a 3-bit synchronous 


counter. Show the entire counter timing diagram and the output waveforms of the 
decoding gates. Binary 2 = Q,Q,Q) and binary 7 = 0,0,Q). 
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» FIGURE 8-46 


A 3-bit counter with active- 
HIGH decoding of count 2 and 
count 7. Open file F08-46 to 
verify operation. 





Solution 


Related Problem 


A glitch is an unwanted spike of 
voltage. 
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See Figure 8—46. The 3-bit counter was originally discussed in Section 8—2 
(Figure 8—14). 


Show the logic for decoding state 5 in the 3-bit counter. 


Decoding Glitches 


The problem of glitches produced by the decoding process was discussed in Chapter 6. As 
you have learned, the propagation delays due to the ripple effect in asynchronous counters 
create transitional states in which the counter outputs are changing at slightly different 
times. These transitional states produce undesired voltage spikes of short duration (glitches) 
on the outputs of a decoder connected to the counter. The glitch problem can also occur to 
some degree with synchronous counters because the propagation delays from the clock to 
the Q outputs of each flip-flop in a counter can vary slightly. 

Figure 8-47 shows a basic asynchronous BCD decade counter connected to a BCD-to- 
decimal decoder. To see what happens in this case, let’s look at a timing diagram in which 
the propagation delays are taken into account, as shown in Figure 8-48. Notice that these 
delays cause false states of short duration. The value of the false binary state at each crit- 
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“« FIGURE 8-47 
A basic decade (BCD) counter and 


decoder. 
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“< FIGURE 8-48 


Outputs with glitches from the 
decoder in Figure 8-47. Glitch 
widths are exaggerated for 
illustration and are usually only a few 
nanoseconds wide. 
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ical transition is indicated on the diagram. The resulting glitches can be seen on the de- 
coder outputs. 

One way to eliminate the glitches is to enable the decoded outputs at a time after the 
glitches have had time to disappear. This method is known as strobing and can be accom- 
plished in the case of an active-HIGH clock by using the LOW level of the clock to enable 
the decoder, as shown in Figure 8-49. The resulting improved timing diagram is shown in 
Figure 8—50. 
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» FIGURE 8-49 


The basic decade counter and 
decoder with strobing to eliminate 
glitches. 


» FIGURE 8-50 


Strobed decoder outputs for the 
circuit of Figure 8-49. 
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SECTION 8-6 | 
REVIEW 1. What transitional states are possible when a 4-bit asynchronous binary counter | 


changes from 
(a) count 2 to count 3 (b) count 3 to count 4 
(c) count 10,9 to count 114, (d) count 15 to count 0 


sor COUNTER APPLICATIONS 


The digital counter is a useful and versatile device that is found in many applications. 
In this section, some representative counter applications are presented. 


After completing this section, you should be able to 


= Describe how counters are used in a basic digital clock system ™ Explain how a 
divide-by-60 counter is implemented and how it is used in a digital clock = Explain 
how the hours counter is implemented ™ Discuss the application of a counter in an 


automobile parking control system ®™ Describe how a counter is used in the process of 
parallel-to-serial data conversion 


COUNTER APPLICATIONS 


_A Digital Clock 


A common example of a counter application is in timekeeping systems. Figure 8—51 is a 
simplified logic diagram of a digital clock that displays seconds, minutes, and hours. 
First, a 60 Hz sinusoidal ac voltage is converted to a 60 Hz pulse waveform and divided 
down to a 1 Hz pulse waveform by a divide-by-60 counter formed by a divide-by-10 
counter followed by a divide-by-6 counter. Both the seconds and minutes counts are also 
produced by divide-by-60 counters, the details of which are shown in Figure 8-52. These 
counters count from 0 to 59 and then recycle to 0; synchronous decade counters are used 
in this particular implementation. Notice that the divide-by-6 portion is formed with a 
decade counter with a truncated sequence achieved by using the decoder count 6 to asyn- 
chronously clear the counter. The terminal count, 59, is also decoded to enable the next 
counter in the chain. 
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A FIGURE 8-51 


Simplified logic diagram for a 12-hour digital clock. Logic details using specific devices are shown in 


Figures 8—52 and 8-53. 


The hours counter is implemented with a decade counter and a flip-flop as shown in 
Figure 8—53. Consider that initially both the decade counter and the flip-flop are RESET, 
and the decode-12 gate and decode-9 gate outputs are HIGH. The decade counter advances 
through all of its states from zero to nine, and on the clock pulse that recycles it from nine 
back to zero, the flip-flop goes to the SET state (J = 1, K = 0). This illuminates a 1 on the 
tens-of-hours display. The total count is now ten (the decade counter is in the zero state and 
the flip-flop is SET). 

Next, the total count advances to eleven and then to twelve. In state 12 the Q, output of 
the decade counter is HIGH, the flip-flop is still SET, and thus the decode-12 gate output is 
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» FIGURE 8-53 


Logic diagram for hours counter and 
decoders. Note that on the counter 
inputs and outputs, the right-most 
bit is the LSB. 
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4 FIGURE 8-52 


Logic diagram of typical divide-by-60 counter using 74F162 synchronous decade counters. Note that 


the outputs are in binary order (the right-most bit is the LSB). 
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LOW. This activates the PE input of the decade counter. On the next clock pulse, the decade 
counter is preset to state 1 by the data inputs, and the flip-flop is RESET (J = 0, K = 1). 
As you can see, this logic always causes the counter to recycle from twelve back to one 


rather than back to zero. 


_Automobile Parking Control 


This counter example illustrates the use of an up/down counter to solve an everyday prob- 
lem. The problem is to devise a means of monitoring available spaces in a one-hundred- 
space parking garage and provide for an indication of a full condition by illuminating a 
display sign and lowering a gate bar at the entrance. 

A system that solves this problem consists of (1) optoelectronic sensors at the entrance 
and exit of the garage, (2) an up/down counter and associated circuitry, and (3) an interface 
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circuit that uses the counter output to turn the FULL sign on or off as required and lower 
or raise the gate bar at the entrance. A general block diagram of this system is shown in 
Figure 8—54. 
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A logic diagram of the up/down counter is shown in Figure 8—55. It consists of two cas- 
caded 74HC190 up/down decade counters. The operation is described in the following 
paragraphs. 
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& FIGURE 8-55 


Logic diagram for modulus-100 up/down counter for automobile parking control. 


The counter is initially preset to 0 using the parallel data inputs, which are not shown. 
Each automobile entering the garage breaks a light beam, activating a sensor that produces 
an electrical pulse. This positive pulse sets the S-R latch on its leading edge. The LOW on 
the Q output of the latch puts the counter in the UP mode. Also, the sensor pulse goes 
through the NOR gate and clocks the counter on the LOW-to-HIGH transition of its trail- 
ing edge. Each time an automobile enters the garage, the counter is advanced by one 
(incremented). When the one-hundredth automobile enters, the counter goes to its last state 
(100,,). The MAX/MIN output goes HIGH and activates the interface circuit (no detail), 
which lights the FULL sign and lowers the gate bar to prevent further entry. 

When an automobile exits, an optoelectronic sensor produces a positive pulse, which re- 
sets the S-R latch and puts the counter in the DOWN mode. The trailing edge of the clock 
decreases the count by one (decremented). If the garage is full and an automobile leaves, the 
MAX/MIN output of the counter goes LOW, turning off the FULL sign and raising the gate. 


Parallel-to-Serial Data Conversion (Multiplexing) 


A simplified example of data transmission using multiplexing and demultiplexing tech- 
niques was introduced in Chapter 6. Essentially, the parallel data bits on the multiplexer in- 
puts are converted to serial data bits on the single transmission line. A group of bits 
appearing simultaneously on parallel lines is called parallel data. A group of bits appear- 
ing on a single line in a time sequence is called serial data. 

Parallel-to-serial conversion is normally accomplished by the use of a counter to provide 
a binary sequence for the data-select inputs of a data selector/multiplexer, as illustrated in 
Figure 8-56. The Q outputs of the modulus-8 counter are connected to the data-select in- 
puts of an 8-bit multiplexer. 
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Figure 8-57 is a timing diagram illustrating the operation of this circuit. The first byte 
(eight-bit group) of parallel data is applied to the multiplexer inputs. As the counter goes 
through a binary sequence from zero to seven, each bit, beginning with Dp, is sequentially 
selected and passed through the multiplexer to the output line. After eight clock pulses the 
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data byte has been converted to a serial format and sent out on the transmission line. When 
the counter recycles back to O, the next byte is applied to the data inputs and is sequentially 
converted to serial form as the counter cycles through its eight states. This process contin- 
ues repeatedly as each parallel byte is converted to a serial byte. 


| [section 8-7 
«PREVIEW 1. Explain the purpose of each NAND gate in Figure 8—53. 


2. Identify the two recycle conditions for the hours counter in Figure 8—51, and 
explain the reason for each. 


Pe Locic SYMBOLS WITH DEPENDENCY NOTATION 


Up to this point, the logic symbols with dependency notation specified in ANSI/IEEE 
Standard 91-1984 have been introduced on a limited basis. In many cases, the new symbols 
do not deviate greatly from the traditional symbols. A significant departure from what we 
are accustomed to does occur, however, for some devices, including counters and other 
more complex devices. Although we will continue to use primarily the more traditional and 
familiar symbols throughout this book, a brief coverage of logic symbols with dependency 
notation is provided. A specific IC counter is used as an example. 


After completing this section, you should be able to 


= Interpret logic symbols that include dependency notation ™ Identify the common 
block and the individual elements of a counter symbol ® Interpret the qualifying symbol 
= Discuss control dependency ® Discuss mode dependency ® Discuss AND dependency 


Dependency notation is fundamental to the ANSI/IEEE standard. Dependency notation 
is used in conjunction with the logic symbols to specify the relationships of inputs and out- 
puts so that the logical operation of a given device can be determined entirely from its logic 
symbol without a prior knowledge of the details of its internal structure and without a de- 
tailed logic diagram for reference. This coverage of a specific logic symbol with depen- 
dency notation is intended to aid in the interpretation of other such symbols that you may 
encounter in the future. 

The 74HC163 4-bit synchronous binary counter is used for illustration. For comparison, 
Figure 8-58 shows a traditional block symbol and the ANSI/IEEE symbol with depen- 
dency notation. Basic descriptions of the symbol and the dependency notation follow. 


Common Control Block The upper block with notched corners in Figure 8—58(b) has in- 
puts and an output that are considered common to all elements in the device and not unique 
to any one of the elements. 


Individual Elements The lower block in Figure 8—58(b), which is partitioned into four 
abutted sections, represents the four storage elements (D flip-flops) in the counter, with in- 
puts Dy, D|, Do, and D3 and outputs Qo, Q;, Q>, and Q3. 


Qualifying Symbol The label “CTR DIV 16” in Figure 8—58(b) identifies the device as a 
counter (CTR) with sixteen states (DIV 16). 


Control Dependency (C) As shown in Figure 8—58(b), the letter C denotes control de- 
pendency. Control inputs usually enable or disable the data inputs (D, J, K, S, and R) of a 
storage element. The C input is usually the clock input. In this case the digit 5 following C 
(C5/2,3,4+) indicates that the inputs labeled with a 5 prefix are dependent on the clock 
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(a) Traditional block symbol 
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(b) ANSI/TEEE Std. 91-1984 logic symbol 


A FIGURE 8-58 
The 74HC163 4-bit synchronous counter. 


(synchronous with the clock). For example, SCT = O on the CER input indicates that the 
clear function is dependent on the clock; that is, it is a synchronous clear. When the CLR 
input is LOW (0), the counter is reset to zero (CT = Q) on the triggering edge of the clock 
pulse. Also, the 5 D label at the input of storage element [1] indicates that the data storage 
is dependent on (synchronous with) the clock. All labels in the [1] storage element apply to 
the [2], [4], and [8] elements below it since they are not labeled differently. 


Mode Dependency (M)_ As shown in Figure 8—58(b), the letter M denotes mode depen- 
dency. This label is used to indicate how the functions of various inputs or outputs depend on 
the mode in which the device is operating. In this case the device has two modes of operation. 
When the LOAD input is LOW (0), as indicated by the triangle input, the counter is in a pre- 
set mode (M1) in which the input data (Dp, D;, D2, and D3) are synchronously loaded into the 
four flip-flops. The digit 1 following M in M1 and the 1 in the label 1, 5 D show a depen- 
dency relationship and indicate that input data are stored only when the device is in the pre- 
set mode (M1), in which LOAD = 0. When the LOAD input is HIGH (1), the counter 
advances through its normal binary sequence, as indicated by M2 and the 2 in C5/2,3,4+. 











AND Dependency (G) As shown in Figure 8—58(b), the letter G denotes AND depen- 
dency, indicating that an input designated with G followed by a digit is ANDed with any 
other input or output having the same digit as a prefix in its label. In this particular exam- 
ple, the G3 at the ENT input and the 3CT = 15 at the RCO output are related, as indicated 
by the 3, and that relationship is an AND dependency, indicated by the G. This tells us that 
ENT must be HIGH (no triangle on the input) and the count must be fifteen (CT = 15) for 
the RCO output to be HIGH. 

Also, the digits 2, 3, and 4 in the label C5/2,3,4+ indicate that the counter advances 
through its states when LOAD = 1, as indicated by the mode dependency label M2, and 
when ENT = 1 and ENP = 1, as indicated by the AND dependency labels G3 and G4. The 
+ indicates that the counter advances by one count when these conditions exist. 





2. By what letter is data storage denoted? 


| [SECTION 8-8 Se a Seay ee Ce Ee ee 1] 
| FE REVIEW 1. In dependency notation, what do the letters C, M, and G stand for? | 
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18297) TROUBLESHOOTING 


The troubleshooting of counters can be simple or quite involved, depending on the type 
of counter and the type of fault. This section will give you some insight into how to 
approach the troubleshooting of sequential circuits. 


After completing this section, you should be able to 


= Detect a faulty counter ™ Isolate faults in maximum-modulus cascaded counters 
m Isolate faults in cascaded counters with truncated sequences ® Determine faults in 
counters implemented with individual flip-flops 





Counters 


For a counter with a straightforward sequence that is not controlled by external logic, about 
the only thing to check (other than Vcc and ground) is the possibility of open or shorted in- 
puts or outputs. An IC counter almost never alters its sequence of states because of an in- 
ternal fault, so you need only check for pulse activity on the Q outputs to detect the 
existence of an open or a short. The absence of pulse activity on one of the Q outputs indi- 
cates an internal open or a short on the line, which may be internal or external to the IC. 
Absence of pulse activity on all the Q outputs indicates that the clock input is faulty or the 
clear input is stuck in its active state. 

To check the clear input, apply a constant active level while the counter is clocked. You 
will observe a LOW on each of the Q outputs if it is functioning properly. 

A synchronous parallel load feature on a counter can be checked by activating the par- 
allel load input and exercising each state as follows: Apply LOWs to the parallel data in- 
puts, pulse the clock input once, and check for LOWs on all the Q outputs. Next, apply 
HIGHs to all the parallel data inputs, pulse the clock input once, and check for HIGHs on 
all the Q outputs. 


‘Cascaded Counters with Maximum Modulus 


A failure in one of the counters in a chain of cascaded counters can affect all the counters 
that follow it. For example, if a count enable input opens, it effectively acts as a HIGH (for 
TTL), and the counter is always enabled. This type of failure in one of the counters will 
cause that counter to run at the full clock rate and will also cause all the succeeding coun- 
ters to run at higher than normal rates. This is illustrated in Figure 8—59 for a divide-by- 
1000 cascaded counter arrangement where an open enable (CTEN) input acts as a TTL 
HIGH and continuously enables the second counter. Other faults that can affect “down- 
stream” counter stages are open or shorted clock inputs or terminal count outputs. In some 
of these situations, pulse activity can be observed, but it may be at the wrong frequency. Ex- 
act frequency or frequency ratio measurements must be made. 


-Cascaded Counters with Truncated Sequences 


The count sequence of a cascaded counter with a truncated sequence, such as that in Figure 
8—60, can be affected by other types of faults in addition to those mentioned for maximum- 
modulus cascaded counters. For example, a failure in one of the parallel data inputs, the 
LOAD input, or the inverter can alter the preset count and thus change the modulus of the 
counter. 

For example, suppose the D; input of the most significant counter in Figure 8-60 is 
open and acts as a HIGH. Instead of 6; (0110) being preset into the counter, E,, (1110) is 
preset in. So, instead of beginning with 63C0,, (25,536,,) each time the counter recycles, 
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& FIGURE 8-59 


Example of a failure that affects following counters in a cascaded arrangement. 


the sequence will begin with E3C0,, (58,304,,). This changes the modulus of the counter 
from 40,000 to 65,536 — 58,304 = 7232. 

To check this counter, apply a known clock frequency, for example 1 MHz, and mea- 
sure the output frequency at the final terminal count output. If the counter is operating prop- 
erly, the output frequency is 


Fin | MHz 


Jou = odulus 40,000 


In this case, the specific failure described in the preceding paragraph will cause the output 
frequency to be 


is _ 1 MHz 


ore = 138. 
modules: E7232 sey ae 


Four or 
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Example of a failure in a cascaded counter with a truncated sequence. 
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EXAMPLE 8-10 
Frequency measurements are made on the truncated counter in Figure 8-61 as 
indicated. Determine if the counter is working properly, and if not, isolate the fault. 
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«& FIGURE 8-61 


Solution Check to see if the frequency measured at TC 4 is correct. If it is, the counter is 
working properly. 


full modulus — preset count 
16° ee 82C01¢ 
65,536 — 33,472 = 32,064 


truncated modulus 


The correct frequency at TC 4 is 


foe = igen 
= = Z 
* 32,064 
Uh oh! There is a problem. The measured frequency of 637.76 Hz does not agree with 
the correct calculated frequency of 311.88 Hz. 
To find the faulty counter, determine the actual truncated modulus as follows: 
dul fi 10 MHz 
noduus = — = 
Tsus OST. 16H 
Because the truncated modulus should be 32,064, most likely the counter is being preset 
to the wrong count when it recycles. The actual preset count is determined as follows: 


= 15,680 


truncated modulus = full modulus — preset count 


preset count = full modulus — truncated modulus 
= 65,536 — 15,680 
= 49,856 
= C2C0), 


This shows that the counter is being preset to C2CO,, instead of 82CO,, each time it 
recycles. 

Counters 1, 2, and 3 are being preset properly but counter 4 is not. Since Cy, = 
11005, the D, input to counter 4 is HIGH when it should be LOW. This is most likely 
caused by an open input. Check for an external open caused by a bad solder 
connection, a broken conductor, or a bent pin on the IC. If none can be found, replace 
the IC and the counter should work properly. 


Related Problem Determine what the output frequency at TC 4 would be if the D; input of counter 3 
were open. 
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Counters Implemented with Individual Flip-Flops 


Counters implemented with individual flip-flop and gate [Cs are sometimes more difficult 
to troubleshoot because there are many more inputs and outputs with external connections 
than there are in an IC counter. The sequence of a counter can be altered by a single open 
or short on an input or output, as Example 8—11 illustrates. 


| EXAMPLE 8-11 
Suppose that you observe the output waveforms that are indicated for the counter in 


Figure 8-62. Determine if there is a problem with the counter. 






» FIGURE 8-62 








Solution The Q, waveform is incorrect. The correct waveform is shown as a red dashed line. 
You can see that the Q, waveform looks exactly like the Q,; waveform, so whatever is 
causing FF1 to toggle appears to also be controlling FF2. 

Checking the J and K inputs to FF2, you find a waveform that looks like Qo. This 
result indicates that Qp) is somehow getting through the AND gate. The only way this 
can happen is if the Q, input to the AND gate is always HIGH. However, you have 
seen that Q, has a correct waveform. This observation leads to the conclusion that the 
lower input to the AND gate must be internally open and acting as a HIGH. Replace 
the AND gate and retest the circuit. 












Related Problem Describe the Q, output of the counter in Figure 8—62 if the Q, output of FF1 is open. 


| | SECTION 8-9 | 
PREVIEW 1. What failures can cause the counter in Figure 8—59 to have no pulse activity on any | 
of the TC outputs? | 
2. What happens if the inverter in Figure 8-61 develops an open output? | 






Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 
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To observe the time relationship between two digital signals with a dual-trace oscillo- 
scope, the proper way to trigger the scope is with the slower of the two signals. The rea- 
son for this is that the slower signal has fewer possible trigger points than the faster signal 
and there will be no ambiguity for starting the sweep. Vertical mode triggering uses a com- 
posite of both channels and should never be used for determining absolute time infor- 


mation. Since clock signals are usually the fastest signal in a digital system, they should not 
be used for triggering. 





The traffic light control system that was : Sequential Logic Requirements 
started in Chapter 6 and continued in 


= on eee ee 


The sequential logic controls the sequencing 
'_ of the traffic lights based on inputs from the 


' Chapter 7 is completed in this chapter. In 


te ae ee ae anh oe er me 


Chapter 6, the combinational logic was timing circuits and the vehicle sensor. The 





| developed. ! sequential logic will produce a 2-bit Gray 
! In Chapter 7, the timing circuits were | code sequence for the four states of the 
| developed. | system that are indicated in Figure 8-64. 
: In this chapter, the sequential logic is 
DIGITAL SYSTEM ! developed and all the blocks are ! Block Diagram The sequential logic 
APPLICATION : connected to produce the complete traffic 7 consists ol 3 ae Gray code counter 
: control system. The overall system block : and associated input logic, as shown 
: diagram is shown again in Figure 8-63. : in Figure 8-65. 
Traffic light control logic Traffic lieht and 
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& FIGURE 8-63 





Traffic light control system block diagram. 
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FIGURE 8-64 


Sequence of traffic light states. 


FIGURE 8-65 


Block diagram of the sequential 
logic. 
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FIGURE 8-66 


State diagram for the traffic light T+ V, 
control system. 





First state 
00 
Main: green 
Side: red T, 




























Fourth state Second state 
™ 10 01 T: 
S Main: red Main: yellow , 
Side: yellow Side: red 


Third state 
11 
Main: red 
Side:green 


The counter produces a sequence of 
four states. Transitions from one state to 
the next are determined by the 4 s timer, 
the 25 s timer, and the vehicle sensor 
input. The clock for the counter is the 
10 kHz signal produced by the oscillator in 
the timing circuits. 


State Diagram The state diagram for the 
traffic light control system was introduced 
in Chapter 6 and is shown again in Figure 
8—66. Based on this state diagram the se- 
quential logic operation is described as 
follows. 


First state: The Gray code for this state is 
00. The main street light is green and the 
side street light is red. The system remains in 
this state for at least 25 s when the long 
timer is on or as long as there is no vehicle on 
the side street. This is expressed as T, + V.. 
The system goes to the next state when the 
long timer is off and there is a vehicle on the 
side street. This is expressed as (T_V,). 


! Third state: 
| is 11. The main street light is red and the 
| side street light is green. The system re- 


; Fourth state: 
! state is 10. The main street light is red and 
| the side street light is yellow. The system 
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3 and the side street light is red. The system 
! remains in this state for 4 s when the short 
' timer is on (T;) and goes to the next state 
; when the short timer goes off (T;). 


The Gray code for this state 


3 mains in this state when the long timer is 
! on and there is a vehicle on the side street. : 
; This is expressed as 7, V,. The system goes 
; to the next state when the long timer goes ! 
' off or when there is no vehicle on the side 
! street. This is expressed as T, + V.. 


The Gray code for this 


! remains in this state for 4 s when the short 
| timer is on (T;) and goes back to the first 
! state when the short timer goes off (Ts). 


3 Sequential Logic Implementation The 


| diagram in Figure 8—67, shows that two D 


Second state: The Gray code for this ; 
state is 01. The main street light is yellow | 


» FIGURE 8-67 


Sequential logic diagram. 


Y TABLE 8-13 
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! provide the D inputs to the flip-flops and 

! the counter is clocked by the 10 kHz clock 
: from the oscillator. The input logic has five 
: input variables: Qo, Q,, T., Ts, and V.. 


The D flip-flop transition table is shown 


! in Table 8—13. From the state diagram, a 

! next-state table can be developed as shown 
' in Table 8-14. The input conditions for T,, 

3 T,, and V, for each present-state/next-state 


combination are listed in the table. 
From Table 8—13 and Table 8-14, the 
logic conditions required for each flip-flop 


: to go to the 1 state can be determined. 

! For example, Qo goes from 0 to 1 when 

! the present state is 00 and the input 

! condition is jee as indicated on the 

; second row of Table 8—13. Dy must be a 

' 1 to make Q) go to a 1 or to remaina 1 

3 on the next clock pulse. For Dy to be a 1, 
3 a logic expression can be written from 

| Table 8-14: 


Do — Q:Q7.V, if QQ; 
+ QiQoTs + QiQolV, 
= Q,Q7V, + QQ + AQT, 


Ss 
” To state 
S, decoder 
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You can use a Karnaugh map to reduce | TABLE 8-14 
the Dy expression further to 


Dy = QiTLV, + QiQo + QoTLV, 


Next-state table for the sequential logic transitions. 


PRESENT STATE | NEXT STATE | FF INPUTS 
Q, @, Q, Q, | INPUT CONDITIONS | D,  D, 


0 0 0 






Also, from Table 8-14, the expression for 









D, can be developed. 


DS O, Qt + QiQoILV, 
+ OiQat, + QiQsV. + @iQol: 
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+ O.QiV, + QiQy1. 
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=O0+GG,V ++ : 1 
+ @,Qo1; ; 
= OQ). + 0,0, + Q,0uk 


You can use a Karnaugh map to reduce 






the D, expression further to ! T, 


D, = QoTs + QyTs V, 
| , Do 
D, and D, are implemented as shown in QO 


Figure 8-68. 

Combining the input logic with 
the 2-bit counter, the complete 
sequential logic diagram is shown ! a 
in Figure 8-69. | D 


FIGURE 8-68 
Input logic for the 2-bit Gray code counter. 


FIGURE 8-69 


The sequential logic. 


Gray 
code 


Clock 


The Complete Traffic 
Light Control System 


Now that we have all three blocks 
(combinational logic, timing circuits, and 
sequential logic), we combine them to 
form a complete system, as shown in the 
block diagram of Figure 8-70. 
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The Interface Circuits Interface circuits } System Assignment 
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rent and voltage requirements. There are Contin that the simplitied expresion 


: i for Do is correct. 
several possible ways to provide an inter- oe 


face but two possible designs are pro- @ Activity 2 Use a Karnaugh map to 
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Block diagram of the complete traffic light control system. 





= Asynchronous and synchronous counters differ only in the way in which they are clocked, as shown 
in Figure 8-71. Synchronous counters can run at faster clock rates than asynchronous counters. 


» FIGURE 8-71 


Comparison of asynchronous and 


synchronous counters. 
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=m Connection diagrams for the IC counters introduced in this chapter are shown in Figure 8-72. 


m The maximum modulus of a counter is the maximum number of possible states and is a function 
of the number of stages (flip-flops). Thus, 


Maximum modulus = 2” 


where 77 is the number of stages in the counter. The modulus of a counter is the actual number of 
states in its sequence and can be equal to or less than the maximum modulus. 


m The overall modulus of cascaded counters is equal to the product of the moduli of the individual 
counters. 





74LS93 4-bit asynchronous 74F162 synchronous BCD decade 74HC161 4-bit synchronous binary 
binary counter counter with asynchronous clear counter with asynchronous clear 


RCO MAX/ LOAD D, 
MIN az 


CTR DIV 10 


Q, GDNUPQ, Q, 





74HC163 4-bit synchronous binary 74HC190 synchronous 
counter with synchronous clear up/down decade counter 
(G is Count Enable.) 


& FIGURE 8-72 


Note that the labels (names of inputs and outputs) are consistent with text but may differ from the 
particular manufacturer's data book you are using. The devices shown are functionally the same and 
pin compatible with the same device types in other available CMOS and TTL IC families. 


PREVTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Asynchronous Not occurring at the same time. 


Cascade To connect “end-to-end” as when several counters are connected from the terminal count 
output of one counter to the enable input of the next counter. 


Decade Characterized by ten states or values. 

Modulus The number of unique states through which a counter will sequence. 

Recycle To undergo transition (as in a counter) from the final or terminal state back to the initial state. 
State diagram A graphic depiction of a sequence of states or values. 


State machine A logic system exhibiting a sequence of states conditioned by internal logic and ex- 
ternal inputs; any sequential circuit exhibiting a specified sequence of states. 


Synchronous Occurring at the same time. 


Terminal count The final state in a counter’s sequence. 
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PSELE TEST = Answers are at the end of the chapter. 


1. Asynchronous counters are known as 
(a) ripple counters (b) multiple clock counters 
(c) decade counters (d) modulus counters 

2. An asynchronous counter differs from a synchronous counter in 
(a) the number of states in its sequence 
(b) the method of clocking 
(c) the type of flip-flops used 
(d) the value of the modulus 

3. The modulus of a counter is 
(a) the number of flip-flops 
(b) the actual number of states in its sequence 
(c) the number of times it recycles in a second 
(d) the maximum possible number of states 

4. A 3-bit binary counter has a maximum modulus of 
(a) 3 (b) 6 (c) 8 (d) 16 

5. A 4-bit binary counter has a maximum modulus of 
(a) 16 (b) 32 (c) 8 (d) 4 

6. A modulus-12 counter must have 
(a) 12 flip-flops (b) 3 flip-flops 
(c) 4 flip-flops (d) synchronous clocking 

7. Which one of the following is an example of a counter with a truncated modulus? 
(a) Modulus 8 (b) Modulus 14 
(c) Modulus 16 (d) Modulus 32 


8. A 4-bit ripple counter consists of flip-flops that each have a propagation delay from clock to 
Q output of 12 ns. For the counter to recycle from 1111 to OOOO, it takes a total of 


(a) 12 ns (b) 24 ns (c) 48 ns (d) 36ns 
9. A BCD counter is an example of 

(a) a full-modulus counter (b) a decade counter 
(c) a truncated-modulus counter (d) answers (b) and (c) 

10. Which of the following is an invalid state in an 8421 BCD counter? 
(a) 1100 (b) 0010 (c) 0101 (d) 1000 

11. Three cascaded modulus-10 counters have an overall modulus of 
(a) 30 (b) 100 (c) 1000 (d) 10,000 


12. A 10 MHz clock frequency is applied to a cascaded counter consisting of a modulus-5 counter, 
a modulus-8 counter, and two modulus-10 counters. The lowest output frequency possible is 


(a) 10 kHz (b) 2.5 kHz (c) 5 kHz (d) 25 kHz 

13. A 4-bit binary up/down counter is in the binary state of zero. The next state in the DOWN mode is 
(a) 0001 (b) 1111 (c) 1000 (d) 1110 

14. The terminal count of a modulus-13 binary counter is 
(a) 0000 (b) 1111 (c) 1101 (d) 1100 


/PROBLEMS ROBLEMS | Answers to odd-numbered problems are at the end of the book. 


SECTION 8-1 Asynchronous Counter Operation 


1. For the ripple counter shown in Figure 8-73, show the complete timing diagram for eight 
clock pulses, showing the clock, Qo, and Q, waveforms. 
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» FIGURE 8-73 





2. For the ripple counter in Figure 8-74, show the complete timing diagram for sixteen clock 
pulses. Show the clock, Qy, Q;, and Q, waveforms. 


® FIGURE 8-74 





3. Inthe counter of Problem 2, assume that each flip-flop has a propagation delay from the 
triggering edge of the clock to a change in the Q output of 8 ns. Determine the worst-case 
(longest) delay time from a clock pulse to the arrival of the counter in a given state. Specify 
the state or states for which this worst-case delay occurs. 


4. Show how to connect a 74LS93 4-bit asynchronous counter for each of the following moduli: 
(a) 9 (b) 11 (c) 13 (d) 14 (e) 15 


SECTION 8-2 Synchronous Counter Operation 


5. Ifthe counter of Problem 3 were synchronous rather than asynchronous, what would be the 
longest delay time? 


6. Show the complete timing diagram for the 5-stage synchronous binary counter in Figure 8-75. 
Verify that the waveforms of the Q outputs represent the proper binary number after each 
clock pulse. 





CLK 


& FIGURE 8-75 


7. By analyzing the J and K inputs to each flip-flop prior to each clock pulse, prove that the 
decade counter in Figure 8—76 progresses through a BCD sequence. Explain how these 
conditions in each case cause the counter to go to the next proper state. 


PROBLEMS & 483 


CLK 





4 FIGURE 8-76 


8. The waveforms in Figure 8—77 are applied to the count enable, clear, and clock inputs as 
indicated. Show the counter output waveforms in proper relation to these inputs. The clear 
input is asynchronous. 


» FIGURE 8-77 CTEN [ | | | 
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9. A BCD decade counter is shown in Figure 8—78. The waveforms are applied to the clock and 
clear inputs as indicated. Determine the waveforms for each of the counter outputs (Qo, O,, Qo, 
and Q3). The clear is synchronous, and the counter is initially in the binary 1000 state. 


i» FIGURE 8-78 CTR DIV 10 
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10. The waveforms in Figure 8-79 are applied to a 74HC163 counter. Determine the Q outputs 
and the RCO. The inputs are Dp = 1, D; = 1, D, = 0, and D; = 1. 


SNS ate ae SUL LPL hi blr. 


11. The waveforms in Figure 8-79 are applied to a 74F162 counter. Determine the Q outputs and 
the TC. The inputs are Dy = 1, D, = 0, D, = 0, and D; = 1. 
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SECTION 8-3 


» FIGURE 8-80 


SECTION 8-4 


» FIGURE 8-81 


CLK 


Up/Down Synchronous Counters 


12. Show a complete timing diagram for a 3-bit up/down counter that goes through the following 
sequence. Indicate when the counter is in the UP mode and when it is in the DOWN mode. 
Assume positive edge-triggering. 


UO, lS, Bots hy Cyd Sy dO, oy 4S, 2h 1D 


13. Develop the Q output waveforms for a 74HC190 up/down counter with the input waveforms 
shown in Figure 8-80. A binary 0 is on the data inputs. Start with a count of 0000. 








LOAD 


Design of Synchronous Counters 


14. Determine the sequence of the counter in Figure 8-81. 





CLK. 


15. Determine the sequence of the counter in Figure 8—82. Begin with the counter cleared. 





A&A FIGURE 8-82 


16. Design a counter to produce the following sequence. Use J-K flip-flops. 
00, 10, 01,71, 00. ..... 


17. Design a counter to produce the following binary sequence. Use J-K flip-flops. 
Je Dio Tn. Fe Oy Bin be ve > 


18. Design a counter to produce the following binary sequence. Use J-K flip-flops. 
DL tly By hg ty Othe, Deets) 
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19. Design a binary counter with the sequence shown in the state diagram of Figure 8-83. 


» FIGURE 8-83 





SECTION 8-5 Cascaded Counters 


20. For each of the cascaded counter configurations in Figure 8-84, determine the frequency of 


» FIGURE 8-84 


SECTION 8-6 


the waveform at each point indicated by a circled number, and determine the overall 


modulus. 


@) @) 3) 
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(c) 
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(d) 


21. 


22. 


Expand the counter in Figure 8—41 to create a divide-by-10,000 counter and a divide-by- 


100,000 counter. 

With general block diagrams, show how to obtain the following frequencies from a 10 MHz 
clock by using single flip-flops, modulus-5 counters, and decade counters: 

(a) 5 MHz (b) 2.5 MHz (c) 2 MHz (d) 1 MHz (e) 500 kHz 


(f) 250 kHz (g) 62.5 kHz (h) 40 kHz (i) 10 kHz (j) 1 kHz 


Counter Decoding 


23. 


24. 


25. 


Given a BCD decade counter with only the Q outputs available, show what decoding logic is 
required to decode each of the following states and how it should be connected to the counter. 
A HIGH output indication is required for each decoded state. The MSB is to the left. 


(a) 0001 (b) 0011 (c) 0101 (d) O111 (e) 1000 

For the 4-bit binary counter connected to the decoder in Figure 8—85, determine each of the 
decoder output waveforms in relation to the clock pulses. 

If the counter in Figure 8-85 is asynchronous, determine where the decoding glitches occur on 
the decoder output waveforms. 
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» FIGURE 8-85 
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26. Modify the circuit in Figure 8—85 to eliminate decoding glitches. 
27. Analyze the counter in Figure 8—45 for the occurrence of glitches on the decode gate output. If 
glitches occur, suggest a way to eliminate them. 


28. Analyze the counter in Figure 8—46 for the occurrence of glitches on the outputs of the 
decoding gates. If glitches occur, make a design change that will eliminate them. 


SECTION 8-7 Counter Applications 


29. Assume that the digital clock of Figure 8—51 is initially reset to 12 o’clock. Determine the 
binary state of each counter after sixty-two 60 Hz pulses have occurred. 


30. What is the output frequency of each counter in the digital clock circuit of Figure 8—51? 


31. For the automobile parking control system in Figure 8—54, a pattern of entrance and exit 
sensor pulses during a given 24-hour period are shown in Figure 8—86. If there were 53 cars 


already in the garage at the beginning of the period, what is the state of the counter at the end 
of the 24 hours? 


PFIGURE 8-86 Entrance | 
sensor | | 

! : 

! 

Sensor | | 


0 24 hrs 


32. The binary number for decimal 57 appears on the parallel data inputs of the parallel-to-serial 
converter in Figure 8—56 (Dy is the LSB). The counter initially contains all zeros and a 
10 kHz clock is applied. Develop the timing diagram showing the clock, the counter outputs, 
and the serial data output. 


SECTION 8-9 _ Troubleshooting 


33. For the counter in Figure 8—1, show the timing diagram for the Q, and Q, waveforms for each 
of the following faults (assume Q, and Q, are initially LOW): 


(a) clock input to FFO shorted to ground 





(b) Q,) output open 

(c) clock input to FF1 open 

(d) J input to FFO open 

(e) K input to FF1 shorted to ground 


a FIGURE 8-87 


» FIGURE 8-89 








PROBLEMS & 487 


34. Solve Problem 33 for the counter in Figure 8-11. 
35. Isolate the fault in the counter in Figure 8—3 by analyzing the waveforms in Figure 8-87. 


36. From the waveform diagram in Figure 8-88, determine the most likely fault in the counter of 
Figure 8-14. 


4 FIGURE 8-88 


37. Solve Problem 36 if the Q, output has the waveform observed in Figure 8-89. Outputs Qp) and 
Q, are the same as in Figure 8-88. 


CLK I 2 3 - m= 6 7 8 


38. You apply a 5 MHz clock to the cascaded counter in Figure 844 and measure a frequency of 
76.2939 Hz at the last RCO output. Is this correct, and if not, what is the most likely problem? 


39. Develop a table for use in testing the counter in Figure 8-44 that will show the frequency at 
the final RCO output for all possible open failures of the parallel data inputs (Dp, D,, D>, and 
D3) taken one at a time. Use 10 MHz as the test frequency for the clock. 


40. The tens-of-hours 7-segment display in the digital clock system of Figure 8-51 continuously 
displays a 1. All the other digits work properly. What could be the problem? 


41. What would be the visual indication of an open Q, output in the tens portion of the minutes 
counter in Figure 8-51? Also see Figure 8-52. 


42. One day (perhaps a Monday) complaints begin flooding in from patrons of a parking garage 
that uses the control system depicted in Figures 8—54 and 8—55. The patrons say that they enter 
the garage because the gate is up and the FULL sign is off but that, once in, they can find no 
empty space. As the technician in charge of this facility, what do you think the problem is, and 
how will you troubleshoot and repair the system as quickly as possible? 


Digital System Application 


43. Implement the input logic in the sequential circuit portion of the traffic light control system 
using only NAND gates. 


44. Replace the D flip-flops in the 2-bit Gray code state counter in Figure 8-67 with J-K flip-flops. 


45. Specify how you would change the time interval for the green light from 25 s to 60 s. 


Special Design Problems 

46. Design a modulus-1000 counter by using 74F162 decade counters. 

47. Modify the design of the counter in Figure 8-44 to achieve a modulus of 30,000. 
48. Repeat Problem 47 for a modulus of 50,000. 


49. Modify the digital clock in Figures 8-51, 8-52, and 8-53 so that it can be preset to any desired 
time. 

50. Design an alarm circuit for the digital clack that.can detect.a nradatermined time Chany and 
minutes only) and produce a signal to activate an audio alarm. 
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51. Modify the design of the circuit in Figure 8-55 for a 1000-space parking garage and a 3000- 
space parking garage. 

52. Implement the parallel-to-serial data conversion logic in Figure 8-56 with specific fixed- 
function devices. 

53. In Problem 15 you found that the counter locks up and alternates between two states. It turns 
out that this operation is the result of a design flaw. Redesign the counter so that when it goes 
into the second of the lock-up states, it will recycle to the all-Os state on the next clock pulse. 

54. Modify the block diagram of the traffic light control system in Figure 8—63 to reflect the 
addition of a 15 s left turn signal on the main street immediately preceding the green light. 


Multisim Troubleshooting Practice 


55. Open file P08-55 and test the 4-bit asynchronous counter to determine if there is a fault. If 
there is a fault, identify it if possible. 





56. Open file PO8-56 and test the 3-bit synchronous counter to determine if there is a fault. If there 
is a fault, identify it if possible. 

57. Open file PO8-57 and test the BCD counter to determine if there is a fault. If there is a fault, 
identify it if possible. 

58. Open file PO8-58 and test the 74163 4-bit binary counter to determine if there is a fault. If 
there is a fault, identify it if possible. 


59. Open file P08-59 and test the 74190 Up/Down decade counter to determine if there is a fault. 
If there is a fault, identify it if possible. 





SECTION 8-1 Asynchronous Counter Operation 


1. Asynchronous means that each flip-flop after the first one is enabled by the output of the 
preceding flip-flop. 


2. A modulus-14 counter has fourteen states requiring four flip-flops. 


SECTION 8-2 Synchronous Counter Operation 
1. All flip-flops in a synchronous counter are clocked simultaneously. 
2. The counter can be preset (initialized) to any given state. 


3. Counter is enabled when ENP and ENT are both HIGH; RCO goes HIGH when final state in 
sequence is reached. 


SECTION 8-3 Up/Down Synchronous Counters 
1. The counter goes to 1001. 
2. UP: 1111: DOWN: 0000; the next state is 1111. 


SECTION 8-4 _ Design of Synchronous Counters 
1. J= 1, K = X (“don’t care’) 
2. J =X (“don’t care’), K = 0 
3. (a) The next state is 1011. 


(b) QO; (MSB): no-change or SET; Q,: no-change or RESET; Q;: no change or SET; Qy (LSB): 
SET or toggle 


SECTION 8-5 Cascaded Counters 
1. Three decade counters produce + 1000; 4 decade counters produce + 10,000. 


2. (a) +20: flip-flop and DIV 10 (b) + 32: flip-flop and DIV 16 
(c) + 160: DIV 16 and DIV 10 (d) + 320: DIV 16 and DIV 10 and flip-flop 
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SECTION 8-6 Counter Decoding 
1. (a) No transitional states because there is a single bit change 
(b) 0000, 0001, 0010, 0101, 0110, 0111 
(c) No transitional states because there is a single bit change 
(d) 0001, 0010, 0011, 0100, 0101, 0110, 0111, 1000, 1001, 1010, 1011, 1100, 1101, 1110 


SECTION 8-7 Counter Applications 


1. Gate G, resets flip-flop on first clock pulse after count 12. Gate G, decodes count 12 to preset 
counter to 0001. 


2. The hours decade counter advances through each state from zero to nine, and as it recycles from 
nine back to zero, the flip-flop is toggled to the SET state. This produces a ten (10) on the display. 
When the hours decade counter is in state 12, the decode NAND gate causes the counter to recycle 
to state | on the next clock pulse. The flip-flop resets. This results in a one (01) on the display. 


SECTION 8-8 Logic Symbols with Dependency Rotation 
1. C: control, usually clock; M: mode; G: AND 
2. D indicates data storage. 


SECTION 8-9 _ Troubleshooting 


1. No pulses on TC outputs: CTEN of first counter shorted to ground or to a LOW; clock input of 
first counter open; clock line shorted to ground or to a LOW; TC output of first counter shorted 
to ground or to a LOW. 


2. With inverter output open, the counter does not recycle at the preset count but acts as a full- 
modulus counter. 
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8-1 See Figure 8—90. 


®» FIGURE 8-90 





8-2 Connect Qy to the NAND gate as a third input (Q, and Q; are two of the inputs). Connect 
the CLR line to the CLR input of FFO as well as FF2 and FF3. 


8-3 See Figure 8-91. 
8-4 See Figure 8-92. 
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Y TABLE 8-15 


INVALID STATE J-K INPUTS NEXT STATE. 
Qo 
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8—5 See Table 8—15. 


8-6 Application of Boolean algebra to the logic in Figure 8—37 shows that the output of each 
OR gate agrees with the expression in Step 5. 


8-7 Five decade counters are required. 10° = 100,000 
8-8 foo = 1 MHz/[(10)(2)] = 50 kHz 
8-9 See Figure 8-93. 


8-10 8AC0,, would be loaded. 16* — 8AC0,_ = 65,536 — 32,520 = 30,016 
Stca = 10 MHz/30,016 = 333.2 Hz 


8-11 See Figure 8-94. 
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CHAPTER OUTLINE CHAPTER OBJECTIVES 


Basic Shift Register Functions Identify the basic forms of data movement in shift registers 

Serial In/Serial Out Shift Registers Explain how serial in/serial out, serial in/parallel out, parallel 

Serial In/Parallel Out Shift Registers in/serial out, and parallel in/parallel out shift registers operate 
-4 Parallel In/Serial Out Shift Registers Describe how a bidirectional shift register operates 


Parallel In/Parallel Out Shift Registers 
Bidirectional Shift Registers 

Shift Register Counters 

Shift Register Applications 


Determine the sequence of a Johnson counter 

Set up a ring counter to produce a specified sequence 
Construct a ring counter from a shift register 

Logic Symbols with Dependency Notation Use a shift register as a time-delay device 


Troubleshooting Use a shift register to implement a serial-to-parallel data 
ETT Digital System Application converter 





"Implement a basic shift-register-controlled keyboard encoder Ti hacielsielensie). 
© Interpret ANSI/IEEE Standard 91-1984 shift register symbols 


Shift registers are a type of sequential logic circuit closely 
with dependency notation 


related to digital counters. Registers are used primarily for 
© Use shift registers in a system application the storage of digital data and typically do not possess a 
characteristic internal sequence of states as do counters. 
There are exceptions, however, and these are covered in 


KEY TERMS Section 9-7. 


In this chapter, the basic types of shift registers are 


ee EES Hise studied and several applications are presented. Also, a 
Stage Bidirectional troubleshooting method is introduced. 
Shift 


74XX164 = 74XX165 7 4XX174 
74XX194 = 74XX195 








BB DIGITAL SYSTEM APPLICATION PREVIEW 


The Digital System Application illustrates the concepts from 
this chapter. A security entry system for controlling the 
alarms in a building is introduced. The system uses two 
types of shift registers as well as other types of devices 
covered in previous chapters. The system also includes a 
memory that will be the focus of the digital system 
application in Chapter 10. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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SHIFT REGISTERS 


ae Basic SHIFT REGISTER FUNCTIONS 


Shift registers consist of arrangements of flip-flops and are important in applications 
involving the storage and transfer of data in a digital system. A register, unlike a 
counter, has no specified sequence of states, except in certain very specialized 
applications. A register, in general, is used solely for storing and shifting data (1s and 
Os) entered into it from an external source and typically possesses no characteristic 
internal sequence of states. 


After completing this section, you should be able to 


= Explain how a flip-flop stores a data bit ™ Define the storage capacity of a shift 
register ™ Describe the shift capability of a register 


A register can consist of one or A register is a digital circuit with two basic functions: data storage and data move- 

more flip-flops used to store and ment. The storage capability of a register makes it an important type of memory device. 

shift data. Figure 9—1 illustrates the concept of storing a 1 ora Q ina D flip-flop. A 1 is applied to 
| is stored. 0 is stored. 


| D Guces la 0 D O= Le 


| When a 1 is on D, | When a 0 is on D, 

CLK aL. ee O becomes a | at the CLK aF-G. ae O becomes a 0 at the 
triggering edge of CLK triggering edge of CLK 
or remains a | if already or remains a 0 if already 
in the SET state. in the RESET state. 


& FIGURE 9-1 


The flip-flop as a storage element. 


Data in 


Data in Data out Data out Data in Data out 





(a) Serial in/shift right/serial out (b) Serial in/shift left/serial out (c) Parallel in/serial out 


Data in 


Data in 





Data out Data out 


(d) Serial in/parallel out (e) Parallel in/parallel out (f) Rotate right (g) Rotate left 


& FIGURE 9-2 





Basic data movement in shift registers. (Four bits are used for illustration. The bits move in the 
direction of the arrows.) 
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the data input as shown, and a clock pulse is applied that stores the | by setting the flip- 
flop. When the | on the input is removed, the flip-flop remains in the SET state, thereby 
storing the 1. A similar procedure applies to the storage of a 0 by resetting the flip-flop, 
as also illustrated in Figure 9-1. 

The storage capacity of a register is the total number of bits (1s and Os) of digital data it 
can retain. Each stage (flip-flop) in a shift register represents one bit of storage capacity; 
therefore, the number of stages in a register determines its storage capacity. 

The shift capability of a register permits the movement of data from stage to stage within 
the register or into or out of the register upon application of clock pulses. Figure 9—2 illus- 
trates the types of data movement in shift registers. The block represents any arbitrary 
4-bit register, and the arrows indicate the direction of data movement. 


Answers are at the end of the 
chapter. 





| [SECTION 9-1 
| REVIEW 1. Generally, what is the difference between a counter and a shift register? 


2. What two principal functions are performed by a shift register? 





SERIAL IN/SERIAL OUT SHIFT REGISTERS 


The serial in/serial out shift register accepts data serially—that is, one bit at a time on a 
single line. It produces the stored information on its output also in serial form. 


After completing this section, you should be able to 


= Explain how data bits are serially entered into a shift register ™ Describe how data 
bits are shifted through the register ™ Explain how data bits are serially taken out of a 
shift register ™ Develop and analyze timing diagrams for serial in/serial out registers 


Let’s first look at the serial entry of data into a typical shift register. Figure 9-3 shows a 
4-bit device implemented with D flip-flops. With four stages, this register can store up to 
four bits of data. 


Serial 
data 
input 


Serial data output 


Serial data output 





CLK 


4 FIGURE 9-3 


Serial in/serial out shift register. 


Figure 9-4 illustrates entry of the four bits 1010 into the register, beginning with the 
right-most bit. The register is initially clear. The 0 is put onto the data input line, making 
D = 0 for FFO. When the first clock pulse is applied, FFO is reset, thus storing the 0. 

Next the second bit, which is a 1, is applied to the data input, making D = | for FFO and 
D = 0 for FFI because the D input of FF1 is connected to the Q) output. When the second 


COMPUTER NOTE 





peel 
Frequently, it is necessary to clear 
an internal register in a computer. 


For example, a register may be 
cleared prior to an arithmetic or 
other operation. One way that 
registers in a computer are cleared 
is using software to subtract the 
contents of the register from itself. 
The result of course, will always be 
zero. For example, a computer 
instruction that performs this 
operation is SUB AL,AL. With this 
instruction, the register named AL 
is cleared. 
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For serial data, one bit at a time 
is transferred. 
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Data 
input 














Register initially 
CLEAR 


CLK 


Ist data bit = 0 QO; 


After CLK1 


CLK1 f | 


QO; 


2nd data bit = | 


After CLK2 


mi 1. 

3rd data bit = 0 QO, 
After CLK3 

ciks.t |. 

4th data bit = | O03 


After CLK4, the 4-bit 
number is completely 
stored in register. 


CLK4 { | 


& FIGURE 9-4 
Four bits (1010) being entered serially into the register. 


clock pulse occurs, the | on the data input is shifted into FFO, causing FFO to set; and the 0 
that was in FFO is shifted into FF1. 

The third bit, a 0, is now put onto the data-input line, and a clock pulse is applied. The 
0 is entered into FFO, the 1 stored in FFO is shifted into FF1, and the O stored in FFI is 
shifted into FF2. 

The last bit, a 1, is now applied to the data input, and a clock pulse is applied. This time 
the | is entered into FFO, the 0 stored in FFO is shifted into FF1, the 1 stored in FF1 is shifted 
into FF2, and the 0 stored in FF2 is shifted into FF3. This completes the serial entry of the 
four bits into the shift register, where they can be stored for any length of time as long as 
the flip-flops have de power. 
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Ist data bit 












After CLK4, register 
contains 1010. 


CLK 


2nd data bit 


After CLK5 


3rd data bit 


After CLK6 


CLK6 | 


Ath data bit 


After CLK7 


CLK7 f | 


QO; 


After CLK8, register 
is CLEAR. 





CLK8 | 
A FIGURE 9-5 
Four bits (1010) being serially shifted out of the register and replaced by all zeros. 


If you want to get the data out of the register, the bits must be shifted out serially and 
taken off the Q, output, as Figure 9-5 illustrates. After CLK4 in the data-entry opera- 
tion just described, the right-most bit, 0, appears on the Q; output. When clock pulse 
CLKS5 is applied, the second bit appears on the Q; output. Clock pulse CLK6 shifts the 
third bit to the output, and CLK7 shifts the fourth bit to the output. While the original 
four bits are being shifted out, more bits can be shifted in. All zeros are shown being 
shifted in. 
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| EXAMPLE 9-1 
Show the states of the 5-bit register in Figure 9—6(a) for the specified data input and 


clock waveforms. Assume that the register is initially cleared (all Qs). 


>» FIGURE 9-6 
Open file F09-06 to verify 


operation. 


FFO FFI FEZ BPS FR4 


Data 
output 
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(b) 
Solution The first data bit (1) is entered into the register on the first clock pulse and then shifted 
from left to right as the remaining bits are entered and shifted. The register contains 
0,030,0,Q, = 11010 after five clock pulses. See Figure 9—6(b). 


Related Problem* Show the states of the register if the data input is inverted. The register is initially cleared. 


** Answers are at the end of the chapter. 


A traditional logic block symbol for an 8-bit serial in/serial out shift register is shown in 
Figure 9—7. The “SRG 8” designation indicates a shift register (SRG) with an 8-bit capacity. 


®» FIGURE 9-7 
Data in SRG 8 OQ 
Logic symbol for an 8-bit serial : 


in/serial out shift register. CLK Boye O O- 


/ 
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| [SECTION 9-2 : 
| REVIEW 1. Develop the logic diagram for the shift register in Figure 9-3, using J-K flip-flops to 


replace the D flip-flops. 


2. How many clock pulses are required to enter a byte of data serially into an 8-bit 
shift register? 
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Data bits are entered serially (right-most bit first) into this type of register in the same 
manner as discussed in Section 9—2. The difference is the way in which the data bits 
are taken out of the register; in the parallel output register, the output of each stage is 
available. Once the data are stored, each bit appears on its respective output line, and 
all bits are available simultaneously, rather than on a bit-by-bit basis as with the serial 
output. 





After completing this section, you should be able to 


= Explain how data bits are taken out of a shift register in parallel ™ Compare serial 
output to parallel output = Discuss the 74HC164 8-bit shift register ™ Develop and 
analyze timing diagrams for serial 1n/parallel out registers 


Figure 9-8 shows a 4-bit serial in/parallel out shift register and its logic block 
symbol. 


Data input 


Data input D 


CLK 





Qo Q; 0, O03 


(a) (b) 


A FIGURE 9-8 


A serial in/parallel out shift register. 


| | EXAMPLE 9-2 . ; 
Show the states of the 4-bit register (SRG 4) for the data input and clock waveforms in 


Figure 9—9(a). The register initially contains all Is. 





Solution The register contains 0110 after four clock pulses. See Figure 9—9(b). 


| Related Problem _ If the data input remains 0 after the fourth clock pulse, what is the state of the register 
| after three additional clock pulses? 
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® FIGURE 9-9 


Data in 


QO 2, Q VQ 





The 74HC164 is an example of an IC shift register having serial in/parallel out operation. 
The logic diagram is shown in Figure 9—10(a), and a typical logic block symbol is shown 
in part (b). Notice that this device has two gated serial inputs, A and B, and a clear (CLR) 
input that is active-LOW. The parallel outputs are Q) through Q,. 
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(3) (4) (5) (6) (10) (11) (12) (13) 


QO Q; QO, O; O4 QO; 0~ QO; 


(a) Logic diagram 


CLR 
CLK 





Q Gi GQ. QO; Os Os Ae DQ, 
(b) Logic symbol 


4 FIGURE 9-10 
ee ee eee = 
The 74HC164 8-bit serial in/parallel out shift register. 


PARALLEL IN/SERIAL OUT SHIFT REGISTERS ® 501 


A sample timing diagram for the 74HC164 is shown in Figure 9—11. Notice that the se- 
rial input data on input A are shifted into and through the register after input B goes HIGH. 
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A FIGURE 9-11 
Sample timing diagram for a 74HC1 64 shift register. 


| [SECTION 9-3 . ae | 
| REVIEW 1. The bit sequence 1101 is serially entered ( right-most bit first) into a 4-bit parallel | 


out shift register that is initially clear. What are the Q outputs after two clock 
pulses? 


| 2. How can a serial in/parallel out register be used as a serial in/serial out 
| register? 
} 


ee ne ER | 
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For a register with parallel data inputs, the bits are entered simultaneously into their 
respective stages on parallel lines rather than on a bit-by-bit basis on one line as with 
serial data inputs. The serial output is the same as described in Section 9-2, once the 
data are completely stored in the register. 
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After completing this section, you should be able to 


= Explain how data bits are entered into a shift register in parallel ™ Compare serial 
input to parallel input ™ Discuss the 74HC165 8-bit parallel-load shift register 
= Develop and analyze timing diagrams for parallel in/serial out registers 


For parallel data, multiple bits Figure 9-12 illustrates a 4-bit parallel in/serial out shift register and a typical logic 

are transferred at one time. symbol. Notice that there are four data-input lines, Do, D,, Dj, and D3, and a 
SHIFT/LOAD input, which allows four bits of data to load in parallel into the register. 
When SHIFT/LOAD is LOW, gates G, through G, are enabled, allowing each data bit to 
be applied to the D input of its respective flip-flop. When a clock pulse is applied, the 
flip-flops with D = | will set and those with D = Q will reset, thereby storing all four bits 
simultaneously. 
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(a) Logic diagram 
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A FIGURE 9-12 





A 4-bit parallel in/serial out shift register. Open file F09-12 to verify operation. 


When SHIFT/LOAD is HIGH, gates G, through G, are disabled and gates G; through 
G; are enabled, allowing the data bits to shift right from one stage to the next. The OR gates 
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allow either the normal shifting operation or the parallel data-entry operation, depending 
on which AND gates are enabled by the level on the SHJFT/LOAD input. Notice that FFO 
has a single AND to disable the parallel input, Dp. It does not require an AND/OR arrange- 
ment because there is no serial data in. 





EXAMPLE 9-3 
Show the data-output waveform for a 4-bit register with the parallel input data and the 
clock and SHIFT/LOAD waveforms given in Figure 9—13(a). Refer to Figure 9—12(a) 
for the logic diagram. 
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4 FIGURE 9-13 


Solution Onclock pulse 1, the parallel data (D)D,D,D; = 1010) are loaded into the register, 
making Q; a0. On clock pulse 2 the | from Q, is shifted onto Q;; on clock pulse 3 the 
0 is shifted onto Q3; on clock pulse 4 the last data bit (1) is shifted onto Q3; and on 
clock pulse 5, all data bits have been shifted out, and only 1s remain in the register 
(assuming the D input remains a 1). See Figure 9—13(b). 


Related Problem Show the data-output waveform for the clock and SHIFT/LOAD inputs shown in 
Figure 9—13(a) if the parallel data are D)D,D,D; = 0101. 





The 74HC165 is an example of an IC shift register that has a parallel in/serial out operation 
(it can also be operated as serial in/serial out). Figure 9—-14(a) shows the internal logic dia- 
gram for this device, and part (b) shows a typical logic block symbol. A LOW on the 
SHIFT/LOAD input (SH/LD) enables all the NAND gates for parallel loading. When an 
input data bit is a 1, the flip-flop is asynchronously set by a LOW out of the upper gate. 
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When an input data bit is a 0, the flip-flop is asynchronously reset by a LOW out of the 
lower gate. Additionally, data can be entered serially on the SER input. Also, the clock can 
be inhibited anytime with a HIGH on the CLK INH input. The serial data outputs of the reg- 
ister are Q; and its complement Q,. This implementation is different from the synchronous 
method of parallel loading previously discussed, demonstrating that there are usually sev- 
eral ways to accomplish the same function. 
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(a) Logic diagram 
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(b) Logic symbol 


A FIGURE 9-14 
The 74HC165 8-bit parallel load shift register. 


Figure 9—15 is a timing diagram showing an example of the operation of a 74HC165 shift 
register. 
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A FIGURE 9-15 


Sample timing diagram for a 74HC165 shift register. 





| | SECTION 9-4 | 
REVIEW 1. Explain the function of the SHIFT/LOAD input. | 


2. Is the parallel load operation in a 74HC165 shift register synchronous or 
asynchronous? What does this mean? 
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Parallel entry of data was described in Section 9-4, and parallel output of data has also 
been discussed previously. The parallel in/parallel out register employs both methods. 
Immediately following the simultaneous entry of all data bits, the bits appear on the 
parallel outputs. 


After completing this section, you should be able to 


= Discuss the 74HC195 4-bit parallel-access shift register = Develop and analyze 
timing diagrams for parallel in/parallel out registers 
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Figure 9-16 shows a parallel in/parallel out register. 
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A FIGURE 9-16 


A parallel in/parallel out register. 






The 74HC195 can be used for parallel in/parallel out operation. Because it also has a serial 
input, it can be used for serial in/serial out and serial in/parallel out operations. It can be 
used for parallel in/serial out operation by using Q; as the output. A typical logic block 
symbol is shown in Figure 9-17. 


>» FIGURE 9-17 


The 74HC195 4-bit parallel access 
shift register. 


Serial J 
inputs K 


SH/ILD 
CLR 


CLK 





When the SHIFT/LOAD input (SH/LD) is LOW, the data on the parallel inputs are en- 
tered synchronously on the positive transition of the clock. When SH/LD is HIGH, stored 
data will shift right (Q) to Q;) synchronously with the clock. Inputs J and K are the serial 
data inputs to the first stage of the register (Qy); Q3 can be used for serial output data. The 
active-LOW clear input is asynchronous. 

The timing diagram in Figure 9-18 illustrates the operation of this register. 
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4 FIGURE 9-18 


Sample timing diagram for a 74HC195 shift register. 









SECTION 9-5 
REVIEW 1. In Figure 9-16, Dp = 1, D; = 0, D, = 0, and D; = 1. After three clock pulses, what 
are the data outputs? 


2. Fora 74HC195: SH/LD = 1,/=1,andK = 1. Whatis Q,) after one clock pulse? 


9-6 BIDIRECTIONAL SHIFT REGISTERS 


A bidirectional shift register is one in which the data can be shifted either left or right. 

It can be implemented by using gating logic that enables the transfer of a data bit from 
one stage to the next stage to the right or to the left, depending on the level of a control 
line. 





[orotate 
? 


After completing this section, you should be able to 


= Explain the operation of a bidirectional shift register ™ Discuss the 74HC194 4-bit 
bidirectional universal shift register ™ Develop and analyze timing diagrams for 
bidirectional shift registers 


A 4-bit bidirectional shift register is shown in Figure 9-19. A HIGH on the 
RIGHT/LEFT control input allows data bits inside the register to be shifted to the ri ght, and 
a LOW enables data bits inside the register to be shifted to the left. An examination of the 
gating logic will make the operation apparent. When the RIGHT/LEFT control input is 
HIGH, gates G, through G, are enabled, and the state of the O output of each flip-flop is 
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RIGHTI/LEFT 
Serial 
data in 








EXAMPLE 9-4 


» FIGURE 9-20 


passed through to the D input of the following flip-flop. When a clock pulse occurs, the data 





bits are shifted one place to the right. When the RIGHT/LEFT control input is LOW, gates 
Gs through G, are enabled, and the Q output of each flip-flop is passed through to the D in- 
put of the preceding flip-flop. When a clock pulse occurs, the data bits are then shifted one 
place to the Jeff. 





& FIGURE 9-19 
Four-bit bidirectional shift register. Open file F09-19 to verify the operation. 


Determine the state of the shift register of Figure 9-19 after each clock pulse for the 
given RIGHT/LEFT control input waveform in Figure 9—20(a). Assume that Q, = 1, 
QO, = 1, Q, = 0, and Q; = | and that the serial data-input line is LOW. 
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Solution See Figure 9—20(b). 


Related Problem Invert the RIGHT /LEFT waveform, and determine the state of the shift register in 


Figure 9-19 after each clock pulse. 
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The 74HC194 is an example of a universal bidirectional shift register in integrated circuit 
form. A universal shift register has both serial and parallel input and output capability. A 
logic block symbol is shown in Figure 9-21, and a sample timing diagram is shown in 
Figure 9-22. 





Do. De iy . De < FIGURE 9-21 


The 74HC194 4-bit bidirectional 
universal shift register. 
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Sample timing diagram for a 74HC194 shift register. 
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| SECTION 9-6 
REVIEW 


Parallel loading, which is synchronous with a positive transition of the clock, is accom- 
plished by applying the four bits of data to the parallel inputs and a HIGH to the Sp and S;, 
inputs. Shift right is accomplished synchronously with the positive edge of the clock when 
So is HIGH and S, is LOW. Serial data in this mode are entered at the shift-right serial in- 
put (SR SER). When S, is LOW and S; is HIGH, data bits shift left synchronously with the 
clock, and new data are entered at the shift-left serial input (SL SER). Input SR SER goes 
into the Q, stage, and SL SER goes into the Q; stage. 


1. Assume that the 4-bit bidirectional shift register in Figure 9-19 has the following 
contents: My = 1, Q; = 1, Q, = 0, and Q; = 0. There is a 1 on the serial data- | 
input line. If RIGHT/LEFT is HIGH for three clock pulses and LOW for two more | 
clock pulses, what are the contents after the fifth clock pulse? 





ee SHIFT REGISTER COUNTERS 


A shift register counter is basically a shift register with the serial output connected 
back to the serial input to produce special sequences. These devices are often 
classified as counters because they exhibit a specified sequence of states. Two of the 
most common types of shift register counters, the Johnson counter and the ring 
counter, are introduced in this section. 


After completing this section, you should be able to 


= Discuss how a shift register counter differs from a basic shift register ™ Explain the 
operation of a Johnson counter ® Specify a Johnson sequence for any number of bits 
= Explain the operation of a ring counter and determine the sequence of any specific 
ring counter 


The Johnson Counter 


In a Johnson counter the complement of the output of the last flip-flop is connected back 
to the D input of the first flip-flop (it can be implemented with other types of flip-flops as 
well). This feedback arrangement produces a characteristic sequence of states, as shown in 
Table 9—1 for a 4-bit device and in Table 9—2 for a 5-bit device. Notice that the 4-bit se- 
quence has a total of eight states, or bit patterns, and that the 5-bit sequence has a total of 
ten states. In general, a Johnson counter will produce a modulus of 2n, where n is the num- 
ber of stages in the counter. 

The implementations of the 4-stage and 5-stage Johnson counters are shown in Figure 
9-23. The implementation of a Johnson counter is very straightforward and is the same re- 
gardless of the number of stages. The Q output of each stage is connected to the D input of 
the next stage (assuming that D flip-flops are used). The single exception is that the Q out- 
put of the last stage is connected back to the D input of the first stage. As the sequences in 
Table 9—1 and 9—2 show, the counter will “fill up” with Is from left to right, and then it will 
“fill up” with Os again. 
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< TABLE 9-1 


CLOCK PULSE 





Four-bit Johnson sequence. 
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Five-bit Johnson sequence. 
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Four-bit and 5-bit Johnson counters. 





(b) Five-bit Johnson counter 
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Diagrams of the timing operations of the 4-bit and 5-bit counters are shown in Figures 
9-24 and 9-25, respectively. 


>» FIGURE 9-24 


Timing sequence for a 4-bit Johnson 
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>» FIGURE 9-25 


Timing sequence for a 5-bit Johnson | | | | | | | 
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The Ring Counter 


The ring counter utilizes one flip-flop for each state in its sequence. It has the advantage 
that decoding gates are not required. In the case of a 10-bit ring counter, there is a unique 
output for each decimal digit. 

A logic diagram for a 10-bit ring counter is shown in Figure 9—26. The sequence for this 
ring counter is given in Table 9-3. Initially, a 1 is preset into the first flip-flop, and the rest 
of the flip-flops are cleared. Notice that the interstage connections are the same as those for 
a Johnson counter, except that Q rather than Q is fed back from the last stage. The ten out- 
puts of the counter indicate directly the decimal count of the clock pulse. For instance, a | 
on Qp represents a zero, a 1 on Q, represents a one, a | on Q, represents a two, a | on Q, 


PRE 





A FIGURE 9-26 





A 10-bit ring counter. Open file F09-26 to verify operation. 
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represents a three, and so on. You should verify for yourself that the 1 is always retained in 
the counter and simply shifted “‘around the ring,” advancing one stage for each clock pulse. 
Modified sequences can be achieved by having more than a single | in the counter, as il- 


lustrated in Example 9-5. 


EXAMPLE 9-5 


If a 10-bit ring counter similar to Figure 9—26 has the initial state 1010000000, 
determine the waveform for each of the Q outputs. 


Solution 
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See Figure 9-27. 
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Ten-bit ring counter sequence. 


Related Problem If a 10-bit ring counter has an initial state 0101001111, determine the waveform for 


each Q output. 
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| [secrion 9-7 
— TReview 
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1. How many states are there in an 8-bit Johnson counter sequence? | 


2. Write the sequence of states for a 3-bit Johnson counter starting with 000. 
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COMPUTER NOTE 


The general-purpose registers in 


that can be used for temporary 
data storage as well as specific 
uses. Four of these registers are as 
follows. The accumulator (EAX) is 
used mainly for temporary storage 
of data and instruction operands. 
The base register (EBX) is used to 
store a value temporarily. The 
count register (ECX) is mainly used 
to determine the number of 
repetitions in certain loop, string, 
shift, or rotate operations. The 
data register (EDX), is normally 
used for the temporary storage 

of data. 





the Pentium are all 32-bit registers 


Shift registers are found in many types of applications, a few of which are presented in 
this section. 


After completing this section, you should be able to 


= Use a shift register to generate a time delay = Implement a specified ring counter 
sequence using a 74HC195 shift register ™ Discuss how shift registers are used for 
serial-to-parallel conversion of data ™ Define UART ®™ Explain the operation of a 
keyboard encoder and how registers are used in this application 


Time Delay 


The serial in/serial out shift register can be used to provide a time delay from input to 
output that is a function of both the number of stages (n) in the register and the clock 
frequency. 

When a data pulse is applied to the serial input as shown in Figure 9—28 (A and B con- 
nected together), it enters the first stage on the triggering edge of the clock pulse. It is then 
shifted from stage to stage on each successive clock pulse until it appears on the serial out- 
put n clock periods later. This time-delay operation is illustrated in Figure 9—28, in which 
an 8-bit serial in/serial out shift register is used with a clock frequency of 1 MHz to achieve 
a time delay (t,) of 8 ws (8 X 1 ws). This time can be adjusted up or down by changing the 
clock frequency. The time delay can also be increased by cascading shift registers and de- 
creased by taking the outputs from successively lower stages in the register if the outputs 
are available, as illustrated in Example 9-6. 
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The shift register as a time-delay device. 
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EXAMPLE 9-6 
Determine the amount of time delay between the serial input and each output in 
Figure 9-29. Show a timing diagram to illustrate. 


» FIGURE 9-29 
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Solution The clock period is 2 us. Thus, the time delay can be increased or decreased in 
2 ps increments from a minimum of 2 ps to a maximum of 16 ys, as illustrated in 
Figure 9-30. 
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A FIGURE 9-30 
Timing diagram showing time delays for the register in Figure 9-29. 


Related Problem Determine the clock frequency required to obtain a time delay of 24 ys to the OQ, 
output in Figure 9-29. 
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If the output is connected back to the serial input, a shift register can be used as a ring 
counter. Figure 9-31 illustrates this application with a 74HC195 4-bit shift register. 


>» FIGURE 9-31 


74HC195 connected as a ring 
counter. 
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Initially, a bit pattern of 1000 (or any other pattern) can be synchronously preset into the 
counter by applying the bit pattern to the parallel data inputs, taking the SH/LD input LOW, 
and applying a clock pulse. After this initialization, the 1 continues to circulate through the 
ring counter, as the timing diagram in Figure 9-32 shows. 


A FIGURE 9-32 


Timing diagram showing two complete cycles of the ring counter in Figure 9-31 when it is initially 
preset to 1000. 


- Serial-to-Parallel Data Converter 


Serial data transmission from one digital system to another is commonly used to reduce the 
number of wires in the transmission line. For example, eight bits can be sent serially over 
one wire, but it takes eight wires to send the same data in parallel. 

A computer or microprocessor-based system commonly requires incoming data to be 
in parallel format, thus the requirement for serial-to-parallel conversion. A simplified 
serial-to-parallel data converter, in which two types of shift registers are used, is shown in 
Figure 9-33. 
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& FIGURE 9-33 


Simplified logic diagram of a serial-to-parallel converter. 


To illustrate the operation of this serial-to-parallel converter, the serial data format 
shown in Figure 9—34 is used. It consists of eleven bits. The first bit (start bit) is always 
0 and always begins with a HIGH-to-LOW transition. The next eight bits (D, through 
Do) are the data bits (one of the bits can be parity), and the last two bits (stop bits) are 
always ls. When no data are being sent, there is a continuous | on the serial data line. 


Stop , Stop 
bit (1) bit (1) 





A FIGURE 9-34 


Serial data format. 


The HIGH-to-LOW transition of the start bit sets the control flip-flop, which enables the 
clock generator. After a fixed delay time, the clock generator begins producing a pulse 
waveform, which is applied to the data-input register and to the divide-by-8 counter. The 
clock has a frequency precisely equal to that of the incoming serial data, and the first clock 
pulse after the start bit occurs during the first data bit. 

The timing diagram in Figure 9-35 illustrates the following basic operation: The 
eight data bits (D, through Dj) are serially shifted into the data-input register. After 
the eighth clock pulse, a HIGH-to-LOW transition of the terminal count (JC) output of 
the counter ANDed with the clock (7C-CLK) loads the eight bits that are in the data- 
input register into the data-output register. This same transition also triggers the one- 
shot, which produces a short-duration pulse to clear the counter and reset the control 
flip-flop and thus disable the clock generator. The system is now ready for the next 
group of eleven bits, and it waits for the next HIGH-to-LOW transition at the beginning 
of the start bit. 
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A FIGURE 9-35 
Timing diagram illustrating the operation of the serial-to-parallel data converter in Figure 9-33. 


By reversing the process just stated, parallel-to-serial data conversion can be accom- 
plished. However, since the serial data format must be produced, additional requirements 
must be taken into consideration. 


Universal Asynchronous Receiver Transmitter (UART) 


As mentioned, computers and microprocessor-based systems often send and receive data in 
a parallel format. Frequently, these systems must communicate with external devices that 
send and/or receive serial data. An interfacing device used to accomplish these conversions 
is the UART (Universal Asynchronous Receiver Transmitter). Figure 9-36 illustrates the 
UART in a general microprocessor-based system application. 
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A UART includes a serial-to-parallel data converter such as we have discussed and a 
parallel-to-serial converter, as shown in Figure 9-37. The data bus is basically a set of par- 
allel conductors along which data move between the UART and the microprocessor system. 
Buffers interface the data registers with the data bus. 


Data bus <@ FIGURE 9-37 
Basic UART block diagram. 
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The UART receives data in serial format, converts the data to parallel format, and places 
them on the data bus. The UART also accepts parallel data from the data bus, converts the 
data to serial format, and transmits them to an external device. 


Keyboard Encoder 


The keyboard encoder is a good example of the application of a shift register used as a ring 
counter in conjunction with other devices. Recall that a simplified computer keyboard en- 
coder without data storage was presented in Chapter 6. 

Figure 9-38 shows a simplified keyboard encoder for encoding a key closure in a 64-key 
matrix organized in eight rows and eight columns. Two 74HC195 4-bit shift registers are con- 
nected as an 8-bit ring counter with a fixed bit pattern of seven Is and one 0 preset into it when 
the power is turned on. Two 74HC147 priority encoders (introduced in Chapter 6) are used 
as eight-line-to-three-line encoders (9 input HIGH, 8 output unused) to encode the ROW 
and COLUMN lines of the keyboard matrix. The 74HC174 (hex flip-flops) is used as a par- 
allel in/parallel out register in which the ROW/COLUMN code from the priority encoders 
is stored. 

The basic operation of the keyboard encoder in Figure 9-38 is as follows: The ring 
counter “scans” the rows for a key closure as the clock signal shifts the 0 around the counter 
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«4 FIGURE 9-36 
UART interface. 
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A FIGURE 9-38 
Simplified keyboard encoding circuit. 


at a5 kHz rate. The 0 (LOW) is sequentially applied to each ROW line, while all other ROW 
lines are HIGH. All the ROW lines are connected to the ROW encoder inputs, so the 3-bit 
output of the ROW encoder at any time is the binary representation of the ROW line that is 
LOW. When there is a key closure, one COLUMN line is connected to one ROW line. When 
the ROW line is taken LOW by the ring counter, that particular COLUMN line is also pulled 
LOW. The COLUMN encoder produces a binary output corresponding to the COLUMN in 
which the key is closed. The 3-bit ROW code plus the 3-bit COLUMN code uniquely iden- 
tifies the key that is closed. This 6-bit code is applied to the inputs of the key code register. 
When a key is closed, the two one-shots produce a delayed clock pulse to parallel-load the 
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6-bit code into the key code register. This delay allows the contact bounce to die out. Also, 
the first one-shot output inhibits the ring counter to prevent it from scanning while the data 
are being loaded into the key code register. 

The 6-bit code in the key code register is now applied to a ROM (read-only memory) to 
be converted to an appropriate alphanumeric code that identifies the keyboard character. 
ROMs are studied in Chapter 10. 


| SECTION 9-8 
| PREVIEW 1. In the keyboard encoder, how many times per second does the ring counter scan 
the keyboard? 


2. What is the 6-bit ROW/COLUMN code (key code) for the top row and the left- 
most column in the keyboard encoder? 


3. What is the purpose of the diodes in the keyboard encoder? What is the purpose of 
the resistors? 


LOGIC SYMBOLS WITH DEPENDENCY NOTATION 





Two examples of ANSI/IEEE Standard 91-1984 symbols with dependency notation for 
shift registers are presented. Two specific IC shift registers are used as examples. 


After completing this section, you should be able to 


= Understand and interpret the logic symbols with dependency notation for the 
74HC164 and the 74HC194 shift registers 


The logic symbol for a 74HC164 8-bit parallel output serial shift register is shown in 
Figure 9-39. The common control inputs are shown on the notched block. The clear (CLR) 
input is indicated by an R (for RESET) inside the block. Since there is no dependency prefix 
to link R with the clock (C!), the clear function is asynchronous. The right arrow symbol af- 
ter Cl indicates data flow from Q, to Q;. The A and B inputs are ANDed, as indicated by the 
embedded AND symbol, to provide the synchronous data input, 1D, to the first stage (Qo). 
Note the dependency of D on C, as indicated by the | suffix on C and the | prefix on D. 


« FIGURE 9-39 
Logic symbol for the 74HC1 64. 





| Figure 9-40 is the logic symbol for the 74HC194 4-bit bidirectional universal shift reg- 
ister. Starting at the top left side of the control block, note that the CLR input is active-LOW 
and is asynchronous (no prefix link with C). Inputs S, and S, are mode inputs that deter- 
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mine the shift-right, shift-left, and parallel load modes of operation, as indicated by the 3 
dependency designation following the M. The § represents the binary states of 0, 1, 2, and 
3 on the S, and S, inputs. When one of these digits is used as a prefix for another input, a 
dependency is established. The 1—/2< symbol on the clock input indicates the following: 
|= indicates that a right shift (OQ) toward Q3) occurs when the mode inputs (So, $,) are in 
the binary | state (Sy = 1, S, = 0), 2< indicates that a left shift (Q; toward Qj) occurs when 
the mode inputs are in the binary 2 state (Sy = 0, S$; = 1). The shift-right serial input 
(SR SER) is both mode-dependent and clock-dependent, as indicated by 1, 4D. The paral- 
lel inputs (Do, D;, Dz, and D3) are all mode-dependent (prefix 3 indicates parallel load 
mode) and clock-dependent, as indicated by 3, 4D. The shift-left serial input (SL SER) is 
both mode-dependent and clock-dependent, as indicated by 2, 4D. 
The four modes for the 74HC194 are summarized as follows: 


Do nothing: S,=0,$,;=0 (mode 0) 
Shift ight: S,=1,S8,=0 (mode 1, asin 1, 4D) 
Shift left: S$) =0,S, = 1 (mode 2, as in 2, 4D) 
Parallel load: S)=1,S, = 1 (mode 3, as in 3, 4D) 


P FIGURE 9-40 
Logic symbol for the 74HC194. CLR 


SR SER 





SECTION 9-9 
REVIEW 1. In Figure 9—40, are there any inputs that are dependent on the mode inputs being 





in the 0 state? 
2. Is the parallel load synchronous with the clock? 


A traditional method of troubleshooting sequential logic and other more complex 
systems uses a procedure of “exercising” the circuit under test with a known input 
waveform (stimulus) and then observing the output for the correct bit pattern. 


After completing this section, you should be able to 


= Explain the procedure of “exercising” as a troubleshooting technique ™ Discuss 
exercising of a serial-to-parallel converter 


TROUBLESHOOTING 


The serial-to-parallel data converter in Figure 9—33 is used to illustrate the “exercising” 
procedure. The main objective in exercising the circuit is to force all elements (flip-flops and 
gates) into all of their states to be certain that nothing is stuck in a given state as a result of 
a fault. The input test pattern, in this case, must be designed to force each flip-flop in the reg- 
isters into both states, to clock the counter through all of its eight states, and to take the con- 
trol flip-flop, the clock generator, the one-shot, and the AND gate through their paces. 

The input test pattern that accomplishes this objective for the serial-to-parallel data con- 
verter is based on the serial data format in Figure 9—34. It consists of the pattern 10101010 
in one serial group of data bits followed by 01010101 in the next group, as shown in Figure 
9-41. These patterns are generated on a repetitive basis by a special test-pattern generator. 
The basic test setup is shown in Figure 9-42. 
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A FIGURE 9-42 


Basic test setup for the serial-to-parallel data converter of Figure 9-33. 


After both patterns have been run through the circuit under test, all the flip-flops in the 
data-input register and in the data-output register have resided in both SET and RESET 


states, the counter has gone through its sequence (once for each bit pattern), and all the other 
devices have been exercised. 


| Sample test pattern. 
| 
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» FIGURE 9-43 


Proper outputs for the circuit under 
test in Figure 9-42. The input test 
pattern is shown. 












To check for proper operation, each of the parallel data outputs is observed for an alter- 
nating pattern of 1s and Qs as the input test patterns are repetitively shifted into the data- 
input register and then loaded into the data-output register. The proper timing diagram is 
shown in Figure 9-43. The outputs can be observed in pairs with a dual-trace oscilloscope, 
or all eight outputs can be observed simultaneously with a logic analyzer configured for 
timing analysis. 
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If one or more outputs of the data-output register are incorrect, then you must back up 
to the outputs of the data-input register. If these outputs are correct, then the problem is as- 
sociated with the data-output register. Check the inputs to the data-output register directly 
on the pins of the IC for an open input line. Check that power and ground are correct (look 
for the absence of noise on the ground line). Verify that the load line is a solid LOW and 
that there are clock pulses on the clock input of the correct amplitude. Make sure that the 
connection to the logic analyzer did not short two output lines together. If all of these checks 
pass inspection, then it is likely that the output register is defective. If the data-input regis- 
ter outputs are also incorrect, the fault could be associated with the input register itself or 
with any of the other logic, and additional investigation is necessary to isolate the problem. 


When measuring digital signals with an oscilloscope, you should always use dc coupling, other 
than ac coupling. The reason that ac coupling is not best for viewing digital signals is that the 

0 V level of the signal will appear at the average level of the signal, not at true ground or 0 V 
level. It is much easier to find a “floating” ground or incorrect logic level with dc coupling. If 
you suspect an open ground in a digital circuit, increase the sensitivity of the scope to the 
maximum possible. A good ground will never appear to have noise under this condition, but 
an open will likely show some noise, which appears as a random fluctuation in the 0 V level. 


1. What is the purpose of providing a test input to a sequential logic circuit? 


2. Generally, when an output waveform is found to be incorrect, what is the next step 
to be taken? 


Troubleshooting problems that are keyed to the CD-ROM are available in the Multisim 
Troubleshooting Practice section of the end-of-chapter problems. 





DIGITAL SYSTEM 
APPLICATION 


In this system application, a relatively simple 
system is developed to control the security 
of a room or building. The system can be 
programmed with a 4-digit security code by 
entering the four digits, one at a time, from 
a keypad, in the disarm mode. Once the 
security code has been entered and stored, 
the system is switched to the arm mode. To 
disarm the system, you must enter the 
correct 4-digit code on the keypad. 


Basic Operation 


A basic block diagram is shown in Figure 
9-44. The system logic consists of the 
security code logic and the memory logic. 
In this chapter, the focus is on the code 
entry logic. The memory logic will be 
developed in Chapter 10, and the two 
logic sections will be combined to form 
the complete system logic. 

The secure Arm/Disarm switch places 
the security system in either arm mode or 


disarm mode. Programming is accomplished | 
' BCD encoder produces the BCD code 

: representing the digit that was pressed on 
| the keypad. One-shot A (OSA) is triggered 
! through gate G1 producing a pulse that | 
| clocks the 4-bit BCD code from the en- 
: coder into shift register A and the stored 


by first putting the system into the disarm 
mode and then pressing the secure store 
switch followed by the digit key for each of 
the four digits to be entered. After this 
process, the memory contains the BCD 
codes for each of the four security code 
digits. When the system is switched to the 
arm mode, the ArmOut enables the alarm 
system sensors and lights an LED to indicate 
the system is armed. To enter the room or 
building, the system must be switched to 
the disarm mode, and the correct 4-digit 
security code must be entered on the 
keypad. 
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| & FIGURE 9-44 


| Basic block diagram of the security system. 


: Security Code Logic 

! The security code logic controls the 

| arming, disarming, programming, and 

| entry. The basic logic diagram is shown in 

! Figure 9-45. When the system is first 

: armed by placing the Arm/Disarm switch 

: in the Arm position, shift register C 

! contains 00010000 so that there is a LOW 
| on ArmOut which activates the system 

| sensors, the alarm circuits, and the ARMED : 
| indicator. Also, a reset pulse is generated ! on the serial output ArmOut, the system 
| by OSE for the memory address counter. 


7 Entry To deactivate the system so that 
' you can enter the secured area, you must 
! enter the correct 4-digit code that 

| matches the code stored in the memory. 
! The first digit of the security code is en- 


tered from the keypad. The decimal-to- 


! code from the first memory address into 

! shift register B. Once the codes are in reg- 
| isters A and B, they are applied to the in- 
puts of the comparator. When a correct 

| digit is entered on the keypad, the 4 bits 

: on the A inputs of the comparator and the ! 
! 4 bits on the B inputs are the same, result- 
ing ina HIGH (1) ontheA = B output of 


Security code 
logic 


Clock A 
Clock B 


Memory logic 






ArmOut 









Toarmed light and 
sensor/alarm interface 










Reset 








| the comparator and putting shift register C 
| into the Shift (SH) mode. 


The trailing edge of the OSA output 


: pulse triggers OSB which, in turn, triggers 

' OSC on the trailing edge of its output 

3 pulse. The output of OSC provides Clock B 
| to the memory address counter and clocks 
| shift register C to shift the 00010000 to 

! the right so that the register now contains 

' 00001000. Since there is still a 0 (LOW) 


'_ remains armed. 


When the second correct code digit is 


: entered on the keypad, the contents of 

| shift register C are shifted to 00000100, and 
! the system remains armed. When the third 
code digit is entered on the keypad, the 

| contents of shift register C are shifted to 

| 00000010. When the fourth and last code 

| digit is entered, the contents of shift register 
' Care shifted to 00000001. Now, the 1 


(HIGH) on the serial output ArmOut 


! disarms the system and permits entry. 


lf an incorrect code digit is entered at 


! any time, the comparator output goes 

! LOW, producing a LOW on the SH/LD 

! and triggered OSF to send a reset pulse to 
! the memory address counter. Shift register 
! C is now in the Parallel Load mode. OSC 

' then clocks the register and loads the 


prewired code 00010000 into the register. 


: At this point, you must start over and 
; reenter the entire four code digits. 
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& FIGURE 9-45 


Basic logic diagram of the security code logic. 


Programming To program a 4-digit code ! the A = B output of the comparatorvia_ __:_ of the key closure and, in turn, triggers OSB 
into the system, the Arm/Disarm switch is: gate G4 and enables the output of OSB. —_—|_: which produces clock A to store the code 
placed in the disarm position. This triggers; via G2 to provide a clock to the memory _;_ in the memory. OSB triggers OSC 
one-shot OSD which sends a reset pulse during the programming of a code into ! producing clock B for the memory address 
through G3 to the memory address ' the memory. : counter and advancing it to the second 
counter and resets it to 00, the first ad- Next, the first digit of the desired address ( 01 ). The second digit of the code is 
dress in the memory. The Store switch is | security code is entered from the keypad. entered from the keypad, and the 


placed in the Store position which disables : OSA i is triggered through gate G1 asa result ! sequence described for the first digit is 
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repeated. After the fourth and last code ! System Assignment 
digit is entered, the memory contains the 
4-digit security code. If an incorrect digit is 


= Activity 4 Describe the purpose of the 
: Comparator. 
= Activity 1 Describe the purpose of 


Shift register A. = Optional Activity Using 74XX logic ICS 


accidentally entered, you must finish ; 
: and the other components, implement 


entering four digits or reactivate the STORE 


= Activity 2 Describe the purpose of 
switch to ensure that the memory counter 


Shift register B. 


the security code logic in Figure 9-45. 
Make any changes necessary to 


contains the first address again. Once the 
programming is done, the system is switched : ™ Activity3 Describe the purpose of 
to armed mode. | Shift register C. 


AY FSH 0S fh otf Say 0 99th athe hy harp ee tnt ppm: wm ss eb 


accommodate the devices being used. 
Debug and test the logic and describe 
any design flaws (if any) that you find. 
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m The basic types of data movement in shift registers are illustrated in Figure 9-46. 
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& FIGURE 9-46 


m Shift register counters are shift registers with feedback that exhibit special sequences. Examples 
are the Johnson counter and the ring counter. 


m The Johnson counter has 2n states in its sequence, where n is the number of stages. 


m The ring counter has n states in its sequence. 





Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 
Bidirectional Having two directions. In a bidirectional shift register, the stored data can be shifted 
right or left. 

Load To enter data into a shift register. 

Register One or more flip-flops used to store and shift data. 


Shift To move binary data from stage to stage within a shift register or other storage device or to move 
binary data into or out of the device. 


Stage One storage element in a register. 
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SELE-feSt Answers are at the end of the chapter. 


1. A stage in a shift register consists of 
(a) a latch (b) a flip-flop (c) a byte of storage (d) four bits of storage 
2. To serially shift a byte of data into a shift register, there must be 
(a) one clock pulse (b) one load pulse 
(c) eight clock pulses (d) one clock pulse for each | in the data 
3. To parallel load a byte of data into a shift register with a synchronous load, there must be 
(a) one clock pulse (b) one clock pulse for each | in the data 
(c) eight clock pulses (d) one clock pulse for each 0 in the data 


4. The group of bits 10110101 is serially shifted (right-most bit first) into an 8-bit parallel output 
shift register with an initial state of 11100100. After two clock pulses, the register contains 


(a) O1O11110 (b) 10110101 (c) 01111001 (d) OOLOII01 
5. With a 100 kHz clock frequency, eight bits can be serially entered into a shift register in 
(a) 80 us (b) 8 us (c) 80 ms (d) 10 us 
6. With a | MHz clock frequency, eight bits can be parallel entered into a shift register 
(a) in 8 us (b) in the propagation delay time of eight flip-flops 
(c) in 1 ps (d) in the propagation delay time of one flip-flop 
7. A modulus-10 Johnson counter requires 
(a) ten flip-flops (b) four flip-flops 
(c) five flip-flops (d) twelve flip-flops 
8. A modulus-10 ring counter requires a minimum of 
(a) ten flip-flops (b) five flip-flops 
(c) four flip-flops (d) twelve flip-flops 


9. When an 8-bit serial in/serial out shift register is used for a 24 ws time delay, the clock 
frequency must be 


(a) 41.67 kHz (b) 333 kHz (c) 125 kHz (d) 8 MHz 
10. The purpose of the ring counter in the keyboard encoding circuit of Figure 9-38 is 
(a) to sequentially apply a HIGH to each row for detection of key closure 
(b) to provide trigger pulses for the key code register 
(c) to sequentially apply a LOW to each row for detection of key closure 


(d) to sequentially reverse bias the diodes in each row 


/PROBLEMS ts ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 9-1 Basic Shift Register Functions 
1. Why are shift registers considered basic memory devices? 


2. What is the storage capacity of a register that can retain two bytes of data? 


SECTION 9-2 Serial In/Serial Out Shift Registers 


3. For the data input and clock in Figure 9-47, determine the states of each flip-flop in the shift 


register of Figure 9-3 and show the Q waveforms. Assume that the register contains all 1s 
initially. 


» FIGURE 9-47 CLK 


Serial data input | | | 
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4. Solve Problem 3 for the waveforms in Figure 9-48. 
» FIGURE 9-48 CLK [| [| [| [| [| [| [| [| [| 
| 


Serial data input 


5. What is the state of the register in Figure 9-49 after each clock pulse if it starts in the 


101001111000 state? 
Serial data in D SRG 12 
Serial data out 
CLK iC 


Serial data in 


4 FIGURE 9-49 


6. For the serial in/serial out shift register, determine the data-output waveform for the data-input 
and clock waveforms in Figure 9-50. Assume that the register is initially cleared. 


Serial data in D SRG 10 
Serial data out 


CLK Br & 


Serial data in 


& FIGURE 9-50 


7. Solve Problem 6 for the waveforms in Figure 9-51. 


Serial data in 


A FIGURE 9-51 


8. A leading-edge clocked serial in/serial out shift register has a data-output waveform as shown 
in Figure 9-52. What binary number is stored in the 8-bit register if the first data bit out (left- 


most) is the LSB? 


| | | 


|< Binary number ae 
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SECTION 9-3 _ Serial In/Parallel Out Shift Registers 


9. Show a complete timing diagram showing the parallel outputs for the shift register in Figure 
9-8. Use the waveforms in Figure 9-50 with the register initially clear. 


10. Solve Problem 9 for the input waveforms in Figure 9-51. 


11. Develop the Q, through Q, outputs for a 74HC164 shift register with the input waveforms 
shown in Figure 9-53. 
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SECTION 9-4 Parallel In/Serial Out Shift Registers 


12. The shift register in Figure 9-54(a) has SHIFT/LOAD and CLK inputs as shown in part (b). 
The serial data input (SER) is a 0. The parallel data inputs are Dy = 1, D, = 0, D, = 1, and 
D; = 0 as shown. Develop the data-output waveform in relation to the inputs. 


Dy D, Dz Ds 
eo tt ee ce toh wf it WoL .f EY | | | 
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——— | 
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4 FIGURE 9-54 


13. The waveforms in Figure 9-55 are applied to a 74HC165 shift register. The parallel inputs are 
all 0. Determine the Q; waveform. 


| | | | | | | | | | | | | | 
| | | | | | | | | | | | | | 


— | | 
SHLD: i _s | l l l | l | l 
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& FIGURE 9-55 


ee 


14. Solve Problem 13 if the parallel inputs are all 1. 
15. Solve Problem 13 if the SER input is inverted. 
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> FIGURE 9-56 ax FLO LIO LSE Perel 


SECTION 9-5 Parallel In/Parallel Out Shift Registers 


16. Determine all the Q output waveforms for a 74HC195 4-bit shift register when the inputs are 
as shown in Figure 9-56. 


17. Solve Problem 16 if the SH/LD input is inverted and the register is initially clear. 


18. Use two 74HC195 shift registers to form an 8-bit shift register. Show the required connections. 


SECTION 9-6 _ Bidirectional Shift Registers 


19. For the 8-bit bidirectional register in Figure 9-57, determine the state of the register after each 
clock pulse for the RIGHT/LEFT control waveform given. A HIGH on this input enables a 
shift to the right, and a LOW enables a shift to the left. Assume that the register is initially 
storing the decimal number seventy-six in binary, with the right-most position being the LSB. 
There is a LOW on the data-input line. 
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A FIGURE 9-57 


20. Solve Problem 19 for the waveforms in Figure 9-58. 


> FIGURE 9-58 ck SLL #0. 
l | | I 
RIGHTILEFT | [I | 


21. Use two 74HC194 4-bit bidirectional shift registers to create an 8-bit bidirectional shift 
register. Show the connections. 


22. Determine the Q outputs of a 74HC194 with the inputs shown in Figure 9-59. Inputs Do, D,, 
D,, and D; are all HIGH. 


PRIGURES“59000 ak (CLL LLL. 


| | | | | | | | | | 

“=I | | | | | | 
CLR | | l | | 
| l 

| | 


532 @ SHIFT REGISTERS 


SECTION 9-7 


CLK 


» FIGURE 9-61 


SECTION 9-8 


SECTION 9-10 
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Shift Register Counters 


23. How many flip-flops are required to implement each of the following in a Johnson counter 
configuration: 


(a) modulus-6 (b) modulus-10 
(c) modulus-14 (d) modulus-16 


24. Draw the logic diagram for a modulus-18 Johnson counter. Show the timing diagram and write 
the sequence in tabular form. 


25. For the ring counter in Figure 9-60, show the waveforms for each flip-flop output with respect 
to the clock. Assume that FFO is initially SET and that the rest are RESET. Show at least ten 
clock pulses. 





A FIGURE 9-60 


26. The waveform pattern in Figure 9-61 is required. Devise a ring counter, and indicate how it can be 
preset to produce this waveform on its Qy output. At CLK 16 the pattern begins to repeat. 


Shift Register Applications 
27. Use 74HC195 4-bit shift registers to implement a 16-bit ring counter. Show the connections. 
28. What is the purpose of the power-on LOAD input in Figure 9-38? 


29. What happens when two keys are pressed simultaneously in Figure 9-38? 


Troubleshooting 


30. Based on the waveforms in Figure 9—-62(a), determine the most likely problem with the 
register in part (b) of the figure. 





“4 FIGURE 9-62 
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31. Refer to the parallel in/serial out shift register in Figure 9-12. The register is in the state where 
O,0,0,0; = 1001, and DyD,D,D; = 1010 is loaded in. When the SHIFT/LOAD input is 
taken HIGH, the data shown in Figure 9-63 are shifted out. Is this operation correct? If not, 
what is the most likely problem? 


I I 





32. You have found that the bidirectional register in Figure 9-19 will shift data right but not left. 
What is the most likely fault? 


33. For the keyboard encoder in Figure 9-38, list the possible faults for each of the following 
symptoms: 
(a) The state of the key code register does not change for any key closure. 


(b) The state of the key code register does not change when any key in the third row is closed. 
A proper code occurs for all other key closures. 


(c) The state of the key code register does not change when any key in the first column is 
closed. A proper code occurs for all other key closures. 


(d) When any key in the second column is closed, the left three bits of the key code (Q)Q,Q;) 
are correct, but the right three bits are all Is. 


34. Develop a test procedure for exercising the keyboard encoder in Figure 9-38. Specify the 
procedure on a step-by-step basis, indicating the output code from the key code register that 
should be observed at each step in the test. 


35. What symptoms are observed for the following failures in the serial-to-parallel converter in 
Figure 9-33: 
(a) AND gate output stuck in HIGH state 
(b) clock generator output stuck in LOW state 
(c) third stage of data-input register stuck in SET state 


(d) terminal count output of counter stuck in HIGH state 


Digital System Application 

36. What is the major purpose of the security code logic? 

37. Assume the entry code is 1939. Determine the states of shift register A and shift register C 
after the second correct digit has been entered. 

38. Assume the entry code is 7646 and the digits 7645 are entered. Determine the states of shift 
register A and shift register C after each of the digits is entered. 


Special Design Problems 


39. Specify the devices that can be used to implement the serial-to-parallel data converter in 
Figure 9-33. Develop the complete logic diagram, showing any modifications necessary to 
accommodate the specific devices used. 


40. Modify the serial-to-parallel converter in Figure 9-33 to provide 16-bit conversion. 

41. Design an 8-bit parallel-to-serial data converter that produces the data format in Figure 9-34. 
Show a logic diagram and specify the devices. 

42. Design a power-on LOAD circuit for the keyboard encoder in Figure 9-38. This circuit must 
generate a short-duration LOW pulse when the power switch is turned on. 


43. Implement the test-pattern generator used in Figure 9-42 to troubleshoot the serial-to-parallel 
converter. 


44. Review the tablet-counting and control system that was introduced in Chapter 1. (a) Utilizing 
the knowledge gained in this chapter, implement registers A and B in that system using 


specific fixed-function IC devices. (b) Implement the system using your development 
software. 
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Multisim Troubleshooting Practice 

45. Open file P09-45 and test the 4-bit shift register to determine if there is a fault. Identify the 
fault if possible. 

46. Open file P09-46 and test the 74164 8-bit serial in/parallel out shift register to determine if 
there is a fault. If there is a fault, identify it if possible. 


47. Open file P09-47 and test the 74165 8-bit parallel load shift register to determine if there is a 
fault. If there is a fault, identify it if possible. 





48. Open file P09-48 and test the 74195 4-bit parallel access shift register to determine if there is a 
fault. If there is a fault, identify it if possible. 


49. Open file P09-49 and test the 10-bit ring counter to determine if there is a fault. If there is a 
fault, identify it 1f possible. 





SECTION 9-1 Basic Shift Register Functions 


1. A counter has a specified sequence of states, but a shift register does not. 


2. Storage and data movement are two functions of a shift register. 


SECTION 9-2 _ Serial In/Serial Out Shift Registers 


1. FFO: data input to Jp, data input to Ky: FF1: Qo to J, Qy to K,; FF2: Q, to Jz, Q to Ky; FF3: Q, 
to J, O, to K, 


2. Eight clock pulses 
SECTION 9-3 Serial In/Parallel Out Shift Registers 
1. 0100 after 2 clock pulses 


2. Take the serial output from the right-most flip-flop for serial out operation. 


SECTION 9-4 Parallel In/Serial Out Shift Registers 


1. When SHIFT/LOAD is HIGH, the data are shifted right one bit per clock pulse. When 
SHIFT/LOAD is LOW, the data on the parallel inputs are loaded into the register. 


2. The parallel load operation is asynchronous, so it is not dependent on the clock. 


SECTION 9-5 Parallel In/Parallel Out Shift Registers 
1. The data outputs are 1001. 





2. Qy = | after one clock pulse 


SECTION 9-6 _ Bidirectional Shift Registers 
1. 1111 after the fifth clock pulse 


SECTION 9-7 Shift Register Counters 
1. Sixteen states are in an 8-bit Johnson counter sequence. 
2. For a 3-bit Johnson counter: 000, 100, 110, 111, 011, 001, 000 


SECTION 9-8 Shift Register Applications 
1. 625 scans/second 
2. Q;0,030,0;Q = 011011 


3. The diodes provide unidirectional paths for pulling the ROWs LOW and preventing HIGHs on 
the ROW lines from being connected to the switch matrix. The resistors pull the COLUMN 
lines HIGH. 


SECTION 9-9 Logic Symbols with Dependency Notation 
1. No inputs are dependent on the mode inputs being in the 0 state. 


2. Yes, the parallel load is synchronous with the clock as indicated by the 4D label. 


SECTION 9-10 _ Troubleshooting 


1. A test input is used to sequence the circuit through all of its states. 


®» FIGURE 9-64 


i» FIGURE 9-65 


bh» FIGURE 9-66 


» FIGURE 9-67 
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2. Check the input to that portion of the circuit. If the signal on that input is correct, the fault is 


isolated to the circuitry between the good input and the bad output. 





9-1 See Figure 9-64. 
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Q> ce eS ae The output is Q,03050,Qp) = 00101 
I 


after 5 clock pulses. 


9-2 The state of the register after three additional clock pulses is 0000. 


9-3 See Figure 9-65. 


SHIFT/LOAD | 





9-4 See Figure 9-66. 
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CHAPTER OUTLINE CHAPTER OBJECTIVES 


Basics of Semiconductor Memory Define the basic memory characteristics 
Random-Access Memories (RAMs) Explain what a RAM is and how it works 
Read-Only Memories (ROMs) 


Explain the difference between static RAMs (SRAMs) and 
Programmable ROMs (PROMs and EPROMs) dynamic RAMs (DRAMs) 

lash M i 
Flas SANGIES Explain what a ROM is and how it works 


Memory Expansion 


Descri i P 
Special Types of Memories escribe the various types of PROMs 


Magnetic and Optical Storage Discuss the characteristics of a flash memory 


10-9 Troubleshooting Describe the expansion of ROMs and RAMs to increase word 
CTT Digital System Application length and word capacity 





© Discuss special types of memories such as FIFO and LIFO i ig2ie) Ul eup le), 


"Describe the basic organization of magnetic disks and magnetic Chapter 9 covered shift registers, which are a type of storage 
tapes device; in fact, a shift register is essentially a small-scale 

© Describe the basic operation of magneto-optical disks and memory. The memory devices covered in this chapter are 
optical disks generally used for longer-term storage of larger amounts of 


data than registers can provide. 

Computers and other types of systems require the 
© Develop flowcharts for memory testing permanent or semipermanent storage of large amounts of 
binary data. Microprocessor-based systems rely on storage 
devices and memories for their operation because of the 
necessity for storing programs and for retaining data during 
processing. 

In computer terminology, memory usually refers to RAM 
and ROM and storage refers to hard disk, floppy disk, and 
Byte - SRAM CD-ROM. In this chapter semiconductor memories and 

magnetic and optical storage media are covered. 


©" Describe basic methods for memory testing 


~ Apply a memory device in a system application 





~ Word ~ Bus 

Cell ~ DRAM MMe DIGITAL SYSTEM APPLICATION PREVIEW 

Address ~ PROM The digital system application at the end of the chapter 

Capacity EPROM completes the security system from Chapter 9. The focus in 
this chapter is the memory logic portion of the system, 

Write Flash memory which stores the entry code. Once the memory logic is 

— FIFO developed, it is interfaced with the security code logic from 
Chapter 9 to form the complete system. 

RAM ® LIFO 

ROM ~ Hard disk 










VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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WOM Basics OF SEMICONDUCTOR MEMORY 


COMPUTER NOTE 





complete unit of information 
consisting of a unit of binary data. 
When applied to computer 
instructions, a word is more 
specifically defined as two bytes 
(16 bits). As a very important part 
of assembly language used in 
computers, the DW (Define Word) 
directive means to define data in 
16-bit units. This definition is 
independent of the particular 
microprocessor or the size of its 
data bus. Assembly language also 
allows definitions of bytes (8 bits) 
with the DB directive, double 
words (32 bits) with the DD 
directive, and quad-words (64 
bits) with the QD directive. 





The general definition of word is a 


Memory is the portion of a system for storing binary data in large quantities. 
Semiconductor memories consist of arrays of elements that are generally either latches 
or capacitors. 


After completing this chapter, you should be able to 


= Explain how a memory stores binary data ™ Discuss the basic organization of a 
memory ™ Describe the write operation ® Describe the read operation ® Describe 
the addressing operation ™ Explain what RAMs and ROMs are 


Units of Binary Data: Bits, Bytes, Nibbles, and Words 


As arule, memories store data 1n units that have from one to eight bits. The smallest unit of 
binary data, as you know, is the bit. In many applications, data are handled in an 8-bit unit 
called a byte or in multiples of 8-bit units. The byte can be split into two 4-bit units that are 
called nibbles. A complete unit of information is called a word and generally consists of 
one or more bytes. Some memories store data in 9-bit groups; a 9-bit group consists of a 
byte plus a parity bit. 


The Basic Semiconductor Memory Array 


Each storage element in a memory can retain either a 1 or a O and is called a cell. Memo- 
ries are made up of arrays of cells, as illustrated in Figure 10-1 using 64 cells as an exam- 
ple. Each block in the memory array represents one storage cell, and its location can be 
identified by specifying a row and a column. 
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(b) 16 x 4 array (c) 64 | array 


& FIGURE 10-1 


A 64-cell memory array organized in three different ways. 


The 64-cell array can be organized in several ways based on units of data. Figure 
10—1(a) shows an 8 X 8 array, which can be viewed as either a 64-bit memory or an 8-byte 
memory. Part (b) shows a 16 x 4 array, which is a 16-nibble memory, and part (c) shows a 
64 x | array, which is a 64-bit memory. A memory is identified by the number of words it 
can store times the word size. For example, a 16k x 8 memory can store 16,384 words of 
eight bits each. The inconsistency here is common in memory terminology. The actual 
number of words is always a power of 2, which, in this case, is 2'* = 16,384. However, it 
is common practice to state the number to the nearest thousand, in this case, 16k. 
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~Memory Address and Capacity 


The location of a unit of data in a memory array is called its address. For example, in Figure 
10—2(a), the address of a bit in the 2-dimensional array is specified by the row and column 
as shown. In Figure 10—2(b), the address of a byte is specified only by the row. So, as you 
can see, the address depends on how the memory is organized into units of data. Personal 
computers have random-access memories organized in bytes. This means that the smallest 
group of bits that can be addressed 1s eight. 


“<@ FIGURE 10-2 


Examples of memory address in a 
2-dimensional array. 








f23 4434 6 F538 


(a) The address of the blue bit (b) The address of the blue byte 
is row 5, column 4. is row 3. 


In Figure 10—3, the address of a byte in the three-dimensional array is specified by the row 
and column, as shown. In this case, the smallest group of bits that can be accessed is eight. 


« FIGURE 10-3 


Example of memory address in a 
3-dimensional array. 





[22 43 © 7 s&s 
The address of the blue byte is row 5, column 8. 


The capacity of a memory is the total number of data units that can be stored. For ex- 
ample, in the bit-organized memory array in Figure 10—2(a), the capacity is 64 bits. In the 
byte-organized memory array in Figure 10—2(b), the capacity is 8 bytes, which is also 64 
bits. In Figure 10—3, the capacity is 64 bytes. Computer memories typically have 256 MB 
(MB is megabyte) or more of internal memory. 


Basic Memory Operations 


Since a memory stores binary data, data must be put into the memory and data must be 
copied from the memory when needed. The write operation puts data into a specified ad- 
dress in the memory, and the read operation copies data out of a specified address in the 
memory. The addressing operation, which is part of both the write and the read operations, 
selects the specified memory address. 

Data units go into the memory during a write operation and come out of the memory 
during a read operation on a set of lines called the data bus. As indicated in Figure 10-4, 
the data bus is bidirectional, which means that data can go in either direction (into the 
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memory or out of the memory). In this case of byte-organized memories, the data bus has 
at least eight lines so that all eight bits in a selected address are transferred in parallel. 
For a write or a read operation, an address is selected by placing a binary code representing 
the desired address on a set of lines called the address bus. The address code is decoded in- 
ternally, and the appropriate address is selected. In the case of the 3-dimensional memory ar- 
ray in Figure 10-4(b) there are two decoders, one for the rows and one for the columns. The 
number of lines in the address bus depends on the capacity of the memory. For example, 
a 15-bit address code can select 32,768 locations (2!°) in the memory, a 16-bit address 
code can select 65,536 locations (2'°) in the memory, and so on. In personal computers 
a 32-bit address bus can select 4,294,967,296 locations (2°*), expressed as 4G. 





» FIGURE 10-4 Poti es ee 
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Column address decoder 


(b) 3-dimensional memory array 


The Write Operation A simplified write operation is illustrated in Figure 10—5. To store 
a byte of data in the memory, a code held in the address register is placed on the address 
bus. Once the address code is on the bus, the address decoder decodes the address and se- 
lects the specified location in the memory. The memory then gets a write command, and the 
data byte held in the data register is placed on the data bus and stored in the selected mem- 
ory address, thus completing the write operation. When a new data byte is written into a 
memory address, the current data byte stored at that address is overwritten (replaced with 
a new data byte). 
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Address register Data register “4 FIGURE 10-5 





[[lustration of the write operation. 












Byte-organized memory array 





Address bus 


Data bus 





Write 


(1) Address code 101 is placed on the address bus and address 5 is selected. 
(2) Data byte is placed on the data bus. 


GB) Write command causes the data byte to be stored in address 5, replacing previous data. 


The Read Operation A simplified read operation is illustrated in Figure 10-6. Again, a 
code held in the address register is placed on the address bus. Once the address code is on 
the bus, the address decoder decodes the address and selects the specified location in the 
memory. The memory then gets a read command, and a “copy” of the data byte that is stored 
in the selected memory address is placed on the data bus and loaded into the data register, 
thus completing the read operation. When a data byte is read from a memory address, it also 
remains stored at that address. This is called nondestructive read. 


Address register Data register “ FIGURE 10-6 





Illustration of the read operation. 











Address bus | 
Data bus 





Read 


@) Address code O11 is placed on the address bus and address 3 is selected. 
Q) Read command is applied. 


(3) The contents of address 3 is placed on the data bus and shifted into data register. 
The contents of address 3 is not erased by the read operation. 
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~RAMs and ROMs 


The two major categories of semiconductor memories are the RAM and the ROM. RAM 
(random-access memory) is a type of memory in which all addresses are accessible in an 
equal amount of time and can be selected in any order for a read or write operation. All 
RAMs have both read and write capability. Because RAMs lose stored data when the power 
is turned off, they are volatile memories. 

ROM (read-only memory) is a type of memory in which data are stored permanently or 
semipermanently. Data can be read from a ROM, but there is no write operation as in the 
RAM. The ROM, like the RAM, is a random-access memory but the term RAM tradition- 
ally means a random-access read/write memory. Several types of RAMs and ROMs will be 
covered in this chapter. Because ROMs retain stored data even if power is turned off, they 
are nonvolatile memories. 


| SECTION 10-1 | 
| | REVIEW . What is the smallest unit of data that can be stored in a memory? 


Answers are at the end of the . What is the bit capacity of a memory that can store 256 bytes of data? 


chapter. . What is a write operation? 
. What is a read operation? 
. How is a given unit of data located in a memory? 


. Describe the difference between a RAM and a ROM. 
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RAMs are read/write memories in which data can be written into or read from any 
selected address in any sequence. When a data unit is written into a given address in 
the RAM, the data unit previously stored at that address is replaced by the new data 
unit. When a data unit is read from a given address in the RAM, the data unit remains 
stored and is not erased by the read operation. This nondestructive read operation can 
be viewed as copying the content of an address while leaving the content intact. A 
RAM is typically used for short-term data storage because it cannot retain stored data 
when power is turned off. 





After completing this section, you should be able to 


= Name the two categories of RAM ® Explain what a SRAM is ® Describe the 
SRAM storage cell ® Explain the difference between an asynchronous SRAM and a 
synchronous burst SRAM ® Explain what a DRAM is ® Describe the DRAM 
storage cells ™ Discuss the types of DRAM ® Compare the SRAM with the DRAM 


The RAM Family 


The two categories of RAM are the static RAM (SRAM) and the dynamic RAM (DRAM). 
Static RAMs generally use latches as storage elements and can therefore store data indefi- 
nitely as long as dc power is applied. Dynamic RAMs use capacitors as storage elements 
and cannot retain data very long without the capacitors being recharged by a process called 
refreshing. Both SRAMs and DRAMs will lose stored data when dc power is removed and, 
therefore, are classified as volatile memories. 

Data can be read much faster from SRAMs than from DRAMs. However, DRAMs 
can store much more data than SRAMs for a given physical size and cost because the 
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DRAM cell is much simpler, and more cells can be crammed into a given chip area than 
in the SRAM. 

The basic types of SRAM are the asynchronous SRAM and the synchronous SRAM with 
a burst feature. The basic types of DRAM are the Fast Page Mode DRAM (FPM DRAM), 
the Extended Data Out DRAM (EDO DRAM), the Burst EDO DRAM (BEDO DRAM), and 
the synchronous DRAM (SDRAM). These are shown in Figure 10-7. 
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A FIGURE 10-7 
The RAM family. 


Static RAMs (SRAMs) 


Memory Cell All static RAMs are characterized by latch memory cells. As long as de 
power is applied to a static memory cell, it can retain a | or O state indefinitely. If power 
is removed, the stored data bit is lost. 

Figure 10-8 shows a basic SRAM latch memory cell. The cell is selected by an active 
level on the Select line and a data bit (1 or 0) is written into the cell by placing it on the Data 
in line. A data bit is read by taking it off the Data out line. 


Select « FIGURE 10-8 


A typical SRAM latch memory cell. 


Data in Data out 


Basic Static Memory Cell Array The memory cells ina SRAM are organized in rows and 
columns, as illustrated in Figure 10-9 for the case of an n x 4 array. All the cells in a row 
share the same Row Select line. Each set of Data in and Data out lines go to each cell in a 
given column and are connected to a single data line that serves as both an input and out- 
put (Data I/O) through the data input and data output buffers. 
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» FIGURE 10-9 
Basic SRAM array. 


» FIGURE 10-10 


Logic diagram for an asynchronous 
32k x 8 SRAM. 
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Data Input/Output 
Buffers and Control 


Data I/O Data I/O Data I/O Data I/O 
Bit 0 Bit | Bit 2 Bit 3 


To write a data unit, in this case a nibble, into a given row of cells in the memory array, the 
Row Select line is taken to its active state and four data bits are placed on the Data I/O lines. 
The Write line is then taken to its active state, which causes each data bit to be stored in a se- 
lected cell in the associated column. To read a data unit, the Read line is taken to its active 
state, which causes the four data bits stored in the selected row to appear on the Data I/O lines. 


Basic Asynchronous SRAM Organization 


An asynchronous SRAM is one in which the operation is not synchronized with a system 
clock. To illustrate the general organization of a SRAM, a 32k x 8 bit memory is used. A 
logic symbol for this memory is shown in Figure 10-10. 
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In the READ mode, the eight data bits that are stored in a selected address appear on the 
data output lines. In the WRITE mode, the eight data bits that are applied to the data input 
lines are stored at a selected address. The data input and data output lines (//O, through 
I/O;) share the same lines. During READ, they act as output lines (O, through O,) and dur- 
ing WRITE they act as input lines (Up through J/,). 


Tristate Outputs and Buses Tristate buffers in a memory allow the data lines to act as either 
input or output lines and connect the memory to the data bus in a computer. These buffers have 
three output states: HIGH (1), LOW (0), and HIGH-Z (open). Tristate outputs are indicated 
on logic symbols by a small inverted triangle (V), as shown in Figure 10—10, and are used for 
compatibility with bus structures such as those found in microprocessor-based systems. 

Physically, a bus is a set of conductive paths that serve to interconnect two or more func- 
tional components of a system or several diverse systems. Electrically, a bus is a collection 
of specified voltage levels and/or current levels and signals that allow the various devices 
connected to the bus to communicate and work properly together. 

For example, a microprocessor is connected to memories and input/output devices by 
certain bus structures. An address bus allows the microprocessor to address the memo- 
ries, and the data bus provides for transfer of data between the microprocessor, the mem- 
ories, and the input/output devices such as monitors, printers, keyboards, and modems. 
The control bus allows the microprocessor to control data transfers and timing for the var- 
ious components. 


Memory Array SRAM chips can be organized in single bits, nibbles (4 bits), bytes (8 
bits), or multiple bytes (16, 24, 32 bits, etc.). 

Figure 10—11 shows the organization of a typical 32k x 8 SRAM. The memory cell ar- 
ray 1S arranged in 256 rows and 128 columns, each with 8 bits, as shown in part (a). There 
are actually 2'° = 32,768 addresses and each address contains 8 bits. The capacity of this 
example memory is 32,768 bytes (typically expressed as 32 kB). 

The SRAM in Figure 10—11(b) works as follows. First, the chip select, CS, must be LOW 
for the memory to operate. Eight of the fifteen address lines are decoded by the row decoder 
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Basic organization of an asynchronous 32k x 8 SRAM. 
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» FIGURE 10-12 


Basic read and write cycle timing for 


the SRAM in Figure 10-11. 


to select one of the 256 rows. Seven of the fifteen address lines are decoded by the column 
decoder to select one of the 128 8-bit columns. 


Read Inthe READ mode, the write enable input, WE, is HIGH and the output enable, OE, 
is LOW. The input tristate buffers are disabled by gate G,, and the column output tristate 
buffers are enabled by gate G,. Therefore, the eight data bits from the selected address are 
routed through the column I/O to the data lines (J/O, though //O;), which are acting as data 
output lines. 


Write Inthe WRITE mode, WE is LOW and OE is HIGH. The input buffers are enabled 
by gate G,, and the output buffers are disabled by gate G,. Therefore, the eight input data 
bits on the data lines are routed through the input data control and the column I/O to the se- 
lected address and stored. 


Read and Write Cycles Figure 10—12 shows typical timing diagrams for a memory read 
cycle and a write cycle. For the read cycle shown in part (a), a valid address code is ap- 
plied to the address lines for a specified time interval called the read cycle time, trc. Next, 
the chip select (CS) and the output enable (OE) inputs go LOW. One time interval after 
the OE input goes LOW, a valid data byte from the selected address appears on the data 
lines. This time interval is called the output enable access time, tgo. Two other access 
times for the read cycle are the address access time, t49, measured from the beginning of 
a valid address to the appearance of valid data on the data lines and the chip enable ac- 
cess time, tgo, measured from the HIGH-to-LOW transition of CS to the appearance of 
valid data on the data lines. 
During each read cycle, one unit of data, a byte in this case, is read from the memory. 
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For the write cycle shown in Figure 10—12(b), a valid address code 1s applied to the ad- 
dress lines for a specified time interval called the write cycle time, twc. Next, the chip select 
(CS) and the write enable (WE) inputs go LOW. The required time interval from the be- 
ginning of a valid address until the WE input goes LOW is called the address setup time, 
t,4). The time that the WE input must be LOW is the write pulse width. The time that the 
input WE must remain LOW after valid data are applied to the data inputs is designated fy; 
the time that the valid input data must remain on the data lines after the WE input goes 
HIGH is the data hold time, typ). 

During each write cycle, one unit of data is written into the memory. 


Basic Synchronous SRAM with Burst Feature 


Unlike the asynchronous SRAM, a synchronous SRAM is synchronized with the system 
clock. For example, in a computer system, the synchronous SRAM operates with the same 
clock signal that operates the microprocessor so that the microprocessor and memory are 
synchronized for faster operation. 

The fundamental concept of the synchronous feature of a SRAM can be shown with 
Figure 10-13, which is a simplified block diagram of a 32k x 8 memory for purposes of il- 
lustration. The synchronous SRAM is similar to the asynchronous SRAM in terms of the 
memory array, address decoder, and read/write and enable inputs. The basic difference is 
that the synchronous SRAM uses clocked registers to synchronize all inputs with the sys- 
tem clock. The address, the read/write input, the chip enable, and the input data are all 
latched into their respective registers on an active clock pulse edge. Once this information 
is latched, the memory operation is in sync with the clock. 
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A basic block diagram of a synchronous SRAM with burst feature. 








32kx8 









ee 
ents 





Memory array 




















Data output 
register 1s in 
the pipelined 
synchronous 
SRAM. 
There is no 
Data output 
register in the 
flow-through 
synchronous 
SRAM. 


548 =& MEMORY AND STORAGE 


» FIGURE 10-14 
Address burst logic. 


For the purpose of simplification, a notation for multiple parallel lines or bus lines is 
introduced in Figure 10-13, as an alternative to drawing each line separately. A set of 
parallel lines can be indicated by a single heavy line with a slash and the number of sep- 
arate lines in the set. For example, the following notation represents a set of 8 parallel 
lines: 


aa 


8 


The address bits Ap through A, are latched into the Address register on the positive edge of 
a clock pulse. On the same clock pulse, the state of the write enable (WE) line and chip select 
(CS) are latched into the Write register and the Enable register respectively. These are one-bit 
registers or simply flip-flops. Also, on the same clock pulse the input data are latched into the 
Data input register for a Write operation, and data in a selected memory address are latched 
into the Data output register for a Read operation, as determined by the Data I/O control based 
on inputs from the Write register, Enable register, and the Output enable (OE). 

Two basic types of synchronous SRAM are the flow-through and the pipelined. The 
flow-through synchronous SRAM does not have a Data output register, so the output data 
flow asynchronously to the data I/O lines through the output buffers. The pipelined syn- 
chronous SRAM has a Data output register, as shown in Figure 10—13, so the output data 
are synchronously placed on the data I/O lines. 


The Burst Feature As shown in Figure 10—13, synchronous SRAMs normally have an ad- 
dress burst feature, which allows the memory to read or write at up to four locations using 
a single address. When an external address is latched in the address register, the two lowest- 
order address bits, Ag and A, are applied to the burst logic. This produces a sequence of four 
internal addresses by adding O00, 01, 10, and 11 to the two lowest-order address bits on suc- 
cessive clock pulses. The sequence always begins with the base address, which is the ex- 
ternal address held in the address register. 

The address burst logic in a typical synchronous SRAM consists of a binary counter and 
exclusive-OR gates, as shown in Figure 1Q—14. For 2-bit burst logic, the internal burst address 
sequence is formed by the base address bits A,—A,, plus the two burst address bits Aj and Ap. 






Binary counter 


Q Qo 






Burst control 


CLK 





Lowest-order bits 
of internal burst 
, | address 


Lowest-order bits of 
external address 


To begin the burst sequence, the counter is in its 00 state and the two lowest-order ad- 
dress bits are applied to the inputs of the XOR gates. Assuming that Ay and A, are both 0, 
the internal address sequence in terms of its two lowest-order bits is 00, 01, 10, and 11. 


Cache Memory 


One of the major applications of SRAMs is in cache memories in computers. Cache memory 
1s a relatively small, high-speed memory that stores the most recently used instructions or data 
from the larger but slower main memory. Cache memory can also use dynamic RAM (DRAM), 
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which is covered next. Typically, SRAM is several times faster than DRAM. Overall, a cache 
memory gets stored information to the microprocessor much faster than if only high-capacity 
DRAM is used. Cache memory is basically a cost-effective method of improving system per- 
formance without having to resort to the expense of making all of the memory faster. 

The concept of cache memory 1s based on the idea that computer programs tend to get 
instructions or data from one area of main memory before moving to another area. Basi- 
cally, the cache controller “guesses” which area of the slow dynamic memory the CPU 
(central-processing unit) will need next and moves it to the cache memory so that it is ready 
when needed. If the cache controller guesses right, the data are immediately available to the 
microprocessor. If the cache controller guesses wrong, the CPU must go to the main mem- 
ory and wait much longer for the correct instructions or data. Fortunately, the cache con- 
troller is right most of the time. 


Cache Analogy There are many analogies that can be used to describe a cache memory, but 
comparing it to a home refrigerator is perhaps the most effective. A home refrigerator can be 
thought of as a “cache” for certain food items while the supermarket is the main memory 
where all foods are kept. Each time you want something to eat or drink, you can go to the re- 
frigerator (cache) first to see if the item you want ts there. If it is, you save a lot of time. If it 
is not there, then you have to spend extra time to get it from the supermarket (main memory). 


Li and L2 Caches A first-level cache (L1 cache) is usually integrated into the processor 
chip and has a very limited storage capacity. L1 cache is also known as primary cache. A 
second-level cache (L2 cache) is a separate memory chip or set of chips external to the 
processor and usually has a larger storage capacity than an L1 cache. L2 cache is also known 
as secondary cache. Some systems may have higher-level caches (L3, L4, etc.), but L1 and 
L2 are the most common. Also, some systems use a disk cache to enhance the performance 
of the hard disk because DRAM, although much slower than SRAM, is much faster than the 
hard disk drive. Figure 10-15 illustrates L1 and L2 cache memories in a computer system. 
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‘Dynamic RAM (DRAM) Memory Cells 


Dynamic memory cells store a data bit in a small capacitor rather than in a latch. The ad- 
vantage of this type of cell is that it is very simple, thus allowing very large memory arrays 
to be constructed on a chip at a lower cost per bit. The disadvantage is that the storage ca- 
pacitor cannot hold its charge over an extended period of time and will lose the stored data 
bit unless its charge is refreshed periodically. To refresh requires additional memory cir- 
cuitry and complicates the operation of the DRAM. Figure 10-16 shows a typical DRAM 
cell consisting of a single MOS transistor (MOSFET) and a capacitor. 

In this type of cell, the transistor acts as a switch. The basic simplified operation is il- 
lustrated in Figure 10-17 and is as follows. A LOW on the R/ W line (WRITE mode) en- 
ables the tristate input buffer and disables the output buffer. For a 1 to be written into the 
cell, the D,y line must be HIGH, and the transistor must be turned on by a HIGH on the row 
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» FIGURE 10-16 
A MOS DRAM cell. 
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Basic operation of a DRAM cell. 
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line. The transistor acts as a closed switch connecting the capacitor to the bit line. This con- 
nection allows the capacitor to charge to a positive voltage, as shown in Figure 10—17(a). 
When a 0 is to be stored, a LOW is applied to the Dyy line. If the capacitor is storing a 0, it 
remains uncharged, or if it is storing a 1, it discharges as indicated in Figure 10—17(b). 
When the row line is taken back LOW, the transistor turns off and disconnects the capaci- 
tor from the bit line, thus “trapping” the charge (1 or 0) on the capacitor. 
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To read from the cell, the R/W (Read/ Write ) line is HIGH, enabling the output buffer 
and disabling the input buffer. When the row line is taken HIGH, the transistor turns on and 
connects the capacitor to the bit line and thus to the output buffer (sense amplifier), so the 
data bit appears on the data-output line (Doy7). This process is illustrated in Figure 10—17(c). 

For refreshing the memory cell, the R/ W line is HIGH, the row line 1s HIGH, and the re- 
fresh line is HIGH. The transistor turns on, connecting the capacitor to the bit line. The output 
buffer is enabled, and the stored data bit is applied to the input of the refresh buffer, which 1s 
enabled by the HIGH on the refresh input. This produces a voltage on the bit line correspond- 
ing to the stored bit, thus replenishing the capacitor. This is illustrated in Figure 10—17(d). 


Basic DRAM Organization 


The major application of DRAMsSs is in the main memory of computers. The difference be- 
tween DRAMs and SRAMs is the type of memory cell. As you have seen, the DRAM mem- 
ory cell consists of one transistor and a capacitor and is much simpler than the SRAM cell. 
This allows much greater densities in DRAMs and results in greater bit capacities for a 
given chip area, although much slower access time. 

Again, because charge stored in a capacitor will leak off, the DRAM cell requires a fre- 
quent refresh operation to preserve the stored data bit. This requirement results in more 
complex circuitry than ina SRAM. Several features common to most DRAMSs are now dis- 
cussed using a generic 1M x | bit DRAM as an example. 


Address Multiplexing DRAMs use a technique called address multiplexing to reduce the 
number of address lines. Figure 10—18 shows the block diagram of a 1,048,576-bit (1 Mbit) 
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Simplified block diagram of a 1M x 1 DRAM. 
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» FIGURE 10-19 


Basic timing for address multiplexing. 


» FIGURE 10-20 


Normal read and write cycle timing. 


DRAM with a 1M x | organization. We will focus on the blue blocks to illustrate address 
multiplexing. The green blocks represent the refresh logic. 

The ten address lines are time multiplexed at the beginning of a memory cycle by the 
row address select (RAS) and the column address select (CAS) into two separate 10-bit ad- 
dress fields. First, the 10-bit row address is latched into the row address latch. Next, the 10- 
bit column address is latched into the column address latch. The row address and the 
column address are decoded to select one of the 1,048,576 addresses (27° = 1,048,576) in 
the memory array. The basic timing for the address multiplexing operation is shown in 
Figure 10-19. 
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when RAS is LOW. when CAS is LOW. 


Read and Write Cycles At the beginning of each read or write memory cycle, RAS and 
CAS go active (LOW) to multiplex the row and column addresses into the latches and de- 
coders. For a read cycle, the R/W input is HIGH. For a write cycle, the R/W input is LOW. 
This is illustrated in Figure 10-20. 
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Fast Page Mode In the normal read or write cycle described previously, the row address 
for a particular memory location is first loaded by an active-LOW RAS and then the column 
address for that location is loaded by an active-LOW CAS. The next location is selected by 
another RAS followed by a CAS, and so on. 

A “page” is a section of memory available at a single row address and consists of all the 
columns in a row. Fast page mode allows fast successive read or write operations at each col- 
umn address in a selected row. A row address is first loaded by RAS going LOW and remain- 
ing LOW while CAS is toggled between HIGH and LOW. A single row address is selected and 
remains selected while RAS is active. Each successive CAS selects another column in the se- 
lected row. So, after a fast page mode cycle, all of the addresses in the selected row have been 
read from or written into, depending on R /W. For example, a fast page mode cycle for the 
DRAM in Figure 10-18 requires CAS to go active 1024 times for each row selected by RAS. 

Fast page mode operation for read is illustrated by the timing diagram in Figure 10-21. 
When CAS goes to its nonasserted state (HIGH), it disables the data outputs. Therefore, 
the transition of CAS to HIGH must occur only after valid data are latched by the external 
system. 
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Fast page mode timing for a read operation. 


Refresh Cycles As you know, DRAMs are based on capacitor charge storage for each bit 
in the memory array. This charge degrades (leaks off) with time and temperature, so each 
bit must be periodically refreshed (recharged) to maintain the correct bit state. Typically, a 
DRAM must be refreshed every 8 ms to 16 ms, although for some devices the refresh pe- 
riod can exceed 100 ms. 

A read operation automatically refreshes all the addresses in the selected row. However, 
in typical applications, you cannot always predict how often there will be a read cycle and 
so you cannot depend on a read cycle to occur frequently enough to prevent data loss. 
Therefore, special refresh cycles must be implemented in DRAM systems. 

Burst refresh and distributed refresh are the two basic refresh modes for refresh opera- 
tions. In burst refresh, all rows in the memory array are refreshed consecutively each re- 
fresh period. For a memory with a refresh period of 8 ms, a burst refresh of all rows occurs 
once every 8 ms. The normal read and write operations are suspended during a burst refresh 
cycle. In distributed refresh, each row is refreshed at intervals interspersed between normal 
read or write cycles. For example, the memory in Figure 10-18 has 1024 rows. As an ex- 
ample, for an 8 ms refresh period, each row must be refreshed every 8 ms/1024 = 7.8 ps 
when distributed refresh is used. 

___The two types of refresh operations are RAS-only refresh and CAS before RAS refresh. 
RAS-only refresh consists of a RAS transition to the LOW (active) state, which latches 
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the address of the row to be refreshed while CAS remains HIGH (inactive) throughout 
the cycle. An external counter is used to provide the row addresses for this type of 
operation. 

The CAS before RAS refresh is initiated by CAS going LOW before RAS goes LOW. This 
sequence activates an internal refresh counter that generates the row address to be refreshed. 
This address is switched by the data selector into the row decoder. 


Types of DRAMs 


Now that you have learned the basic concept of a DRAM, let’s briefly look at the major 
types. These are the Fast Page Mode (FPM) DRAM, the Extended Data Output (EDO) 
DRAM, the Burst Extended Data Output (BEDO) DRAM, and the Synchronous (S) DRAM. 


FPM DRAM Fast page mode operation was described earlier. This type of DRAM tradi- 
tionally has been the most common and has been the type used in computers until the de- 
velopment of the EDO DRAM. Recall that a page in memory is all of the column addresses 
contained within one row address. 

The basic idea of the FPM DRAM is based on the probability that the next several 
memory addresses to be accessed are in the same row (on the same page). Fortunately, this 
happens a large percentage of the time. FPM saves time over pure random accessing be- 
cause in FPM the row address is specified only once for access to several successive col- 
umn addresses whereas for pure random accessing, a row address is specified for each 
column address. 

Recall that in a fast page mode read operation, the CAS signal has to wait until the valid 
data from a given address are accepted (latched) by the external system (CPU) before it can 
go to its nonasserted state. When CAS goes to its nonasserted state, the data outputs are dis- 
abled. This means that the next column address cannot occur until after the data from the 
current column address are transferred to the CPU. This limits the rate at which the columns 
within a page can be addressed. 


EDO DRAM The Extended Data Output DRAM, sometimes called hyper page mode 
DRAM, is similar to the FEM DRAM. The key difference is that the CAS signal in the EDO 
DRAM does not disable the output data when it goes to its nonasserted state because the 
valid data from the current address can be held until CAS is asserted again. This means that 
the next column address can be accessed before the external system accepts the current 
valid data. The idea is to speed up the access time. 


BEDO DRAM _ The Burst Extended Data Output DRAM is an EDO DRAM with address 
burst capability. Recall from the discussion of the synchronous burst SRAM that the address 
burst feature allows up to four addresses to be internally generated from a single external 
address, which saves some access time. This same concept applies to the BEDO DRAM. 


SDRAM _ Faster DRAMs are needed to keep up with the ever-increasing speed of micro- 
processors. The Synchronous DRAM is one way to accomplish this. Like the synchronous 
static RAM discussed earlier, the operation of the SDRAM is synchronized with the sys- 
tem clock, which also runs the microprocessor in a computer system. The same basic ideas 
described in relation to the synchronous burst SRAM, also apply to the SDRAM. 

This synchronized operation makes the SDRAM totally different from the other asyn- 
chronous DRAM types. With asynchronous memories, the microprocessor must wait for 
the DRAM to complete its internal operations. However, with synchronous operation, the 
DRAM latches addresses, data, and control information from the processor under control 
of the system clock. This allows the processor to handle other tasks while the memory read 
or write operations are in progress, rather than having to wait for the memory to do its thing 
as 1s the case in asynchronous systems. 


READ-ONLY MEMORIES (ROMs) ® 555 


| [secrion 10-2 | 
REVIEW . List two types of SRAM. 


. What is a cache? 

. Explain how SRAMs and DRAMss differ. 

. Describe the refresh operation in a DRAM. 
. List four types of DRAM. 
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A ROM contains permanently or semipermanently stored data, which can be read from 
the memory but either cannot be changed at all or cannot be changed without 
specialized equipment. A ROM stores data that are used repeatedly in system 
applications, such as tables, conversions, or programmed instructions for system 
initialization and operation. ROMs retain stored data when the power is off and are 
therefore nonvolatile memories. 


After completing this section, you should be able to 


= List the types of ROMs ® Describe a basic mask ROM storage cell ™ Explain how 
data are read from a ROM ® Discuss internal organization of a typical ROM ® Discuss 
some ROM applications 


The ROM Family 


Figure 10-22 shows how semiconductor ROMs are categorized. The mask ROM is the type 
in which the data are permanently stored in the memory during the manufacturing process. 
The PROM, or programmable ROM, is the type in which the data are electrically stored by 
the user with the aid of specialized equipment. Both the mask ROM and the PROM can be 
of either MOS or bipolar technology. The EPROM, or erasable PROM, is strictly a MOS 
device. The UV EPROM is electrically programmable by the user, but the stored data must 
be erased by exposure to ultraviolet light over a period of several minutes. The electrically 
erasable PROM (EEPROM or E’PROM) can be erased in a few milliseconds. 





“@ FIGURE 10-22 
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The Mask ROM 


The mask ROM is usually referred to simply as a ROM. It is permanently programmed dur- 
ing the manufacturing process to provide widely used standard functions, such as popular 
conversions, or to provide user-specified functions. Once the memory is programmed, it 
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» FIGURE 10-23 


ROM cells. 


cannot be changed. Most IC ROMs utilize the presence or absence of a transistor connec- 
tion at a row/column junction to represent a | or a 0. 

Figure 10-23 shows MOS ROM cells. The presence of a connection from a row line to 
the gate of a transistor represents a | at that location because when the row line is taken 
HIGH, all transistors with a gate connection to that row line turn on and connect the HIGH 
(1) to the associated column lines. At row/column junctions where there are no gate con- 
nections, the column lines remain LOW (0) when the row is addressed. 
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_A Simple ROM 


To illustrate the ROM concept, Figure 10-24 shows a small, simplified ROM array. The 
blue squares represent stored 1s, and the gray squares represent stored Os. The basic read 
operation is as follows: When a binary address code is applied to the address input lines, 
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A representation of a 16 x 8-bit ROM array. 
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the corresponding row line goes HIGH. This HIGH is connected to the column lines 
through the transistors at each junction (cell) where a | is stored. At each cell where a 0 
is stored, the column line stays LOW because of the terminating resistor. The column 
lines form the data output. The eight data bits stored in the selected row appear on the 
output lines. 

As you can see, the example ROM in Figure 10—24 is organized into 16 addresses, each 
of which stores 8 data bits. Thus, it is a 16 x 8 (16-by-8) ROM, and its total capacity is 128 
bits or 16 bytes. ROMs can be used as look-up tables (LUTs) for code conversions and logic 
function generation. 


| EXAMPLE 10-1 
Show a basic ROM, similar to the one in Figure 10—24, programmed for a 4-bit 


binary-to-Gray conversion. 





Solution Review Chapter 2 for the Gray code. Table 10—1 is developed for use in programming 
the ROM. 
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0 0 0 0 0 0 0 
0 0 0 1 0 0 l 
0 0 1 0 0 0 1 
0 0 1 1 0 0 1 0 
0 1 0 0 0 I I 0 
0 1 0 i 0 1 I 
0 1 I 0 0 i 0 1) 
0 1 1 ] 0 ] 0 0 
J 0 0 0 i 0 0 
0 0 l i 0 i 
1 0 i 0 | ] | 1 
1 0 i 1 i | | 0 
1 1 0 0 i 0 0 
1 1 0 | 0 | ] 
I 1 1 0 1 0 0 i 
] i ] i 1 0 0 u. 








The resulting 16 x 4 ROM array is shown in Figure 10—25. You can see that a 
binary code on the address input lines produces the corresponding Gray code on the 
output lines (columns). For example, when the binary number 0110 is applied to the 
address input lines, address 6, which stores the Gray code 0101, is selected. 
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» FIGURE 10-25 
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programmed as a binary-to-Gray 
code converter. 


Related Problem * 
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Gray code output 


Using Figure 10—25, determine the Gray code output when a binary code of 1011 is 
applied to the address input lines. 


* Answers are at the end of the chapter. 


Internal ROM Organization 


Most IC ROMs have a more complex internal organization than that in the basic simplified 
example just presented. To illustrate how an IC ROM is structured, let’s use a 1024-bit de- 
vice with a 256 x 4 organization. The logic symbol is shown in Figure 10-26. When any 
one of 256 binary codes (eight bits) is applied to the address lines, four data bits appear on 
the outputs if the chip enable inputs are LOW. (256 addresses require eight address lines.) 
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@ FIGURE 10-26 


A 256 x 4 ROM logic symbol. The 
Azz designator means that the 8-bit 
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Although the 256 x 4 organization of this device implies that there are 256 rows and 4 
columns in the memory array, this is not actually the case. The memory cell array is actually 
a 32 x 32 matrix (32 rows and 32 columns), as shown in the block diagram in Figure 10—27. 


@ FIGURE 10-27 


A 1024-bit ROM with a 256 x 4 
organization based on a 32 X 32 
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The ROM in Figure 10—27 works as follows: Five of the eight address lines (Ap through 
A,) are decoded by the row decoder (often called the Y decoder) to select one of the 32 rows. 
Three of the eight address lines (A; through A) are decoded by the column decoder (often 
called the X decoder) to select four of the 32 columns. Actually, the column decoder con- 
sists of four 1-of-8 decoders (data selectors), as shown in Figure 10-27. 

The result of this structure is that when an 8-bit address code (Ay through A;) is applied, 
a 4-bit data word appears on the data outputs when the chip enable lines (Ep and E,) are 
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LOW to enable the output buffers. This type of internal organization (architecture) is typi- 
cal of IC ROMs of various capacities. 


COMPUTER NOTE 
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~ROM Access Time 
computer to store the BIOS Pa ed 
(Basic Input/Output System). A typical timing diagram that illustrates ROM access time is shown in Figure 10-28. The 
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SECTION 10-3 : . a 
REVIEW 1. What is the bit storage capacity of a ROM with a 512 x 8 organization? 


2. List the types of read-only memories. 


| 3. How many address bits are required for a 2048-bit memory organized as a 256 x 8 
| memory? 


"W024 PROGRAMMABLE ROMs (PROMs AND EPROMs) 


PROMS are basically the same as mask ROMs, once they have been programmed. As 
you have learned, ROMs are a type of programmable logic device. The difference is 
that PROMs come from the manufacturer unprogrammed and are custom programmed 
in the field to meet the user’s needs. 


After completing this section, you should be able to 


= Distinguish between a mask ROM and a PROM = Describe a basic PROM memory 
cell = Discuss EPROMs including UV EPROMs and EEPROMs ® Analyze an 
EPROM programming cycle 


~PROMs 


A PROM uses some type of fusing process to store bits, in which a memory link is burned 
open or left intact to represent a 0 or a 1. The fusing process is irreversible; once a PROM 
is programmed, it cannot be changed. 
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Figure 10—29 illustrates a MOS PROM array with fusible links. The fusible links are 
manufactured into the PROM between the source of each cell’s transistor and its column 
line. In the programming process, a sufficient current is injected through the fusible link to 
burn it open to create a stored 0. The link is left intact for a stored |. 
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Three basic fuse technologies used in PROMs are metal links, silicon links, and pn junc- 
tions. A brief description of each of these follows. 


1. Metal links are made of a material such as nichrome. Each bit in the memory array 
is represented by a separate link. During programming, the link is either “blown” 
open or left intact. This is done basically by first addressing a given cell and then 
forcing a sufficient amount of current through the link to cause it to open. 


2. Silicon links are formed by narrow, notched strips of polycrystalline silicon. 
Programming of these fuses requires melting of the links by passing a sufficient 
amount of current through them. This amount of current causes a high 
temperature at the fuse location that oxidizes the silicon and forms an insulation 
around the now-open link. 


3. Shorted junction, or avalanche-induced migration, technology consists basically 
of two pn junctions arranged back-to-back. During programming, one of the diode 
junctions is avalanched, and the resulting voltage and heat cause aluminum ions to 
migrate and short the junction. The remaining junction is then used as a forward- 
biased diode to represent a data bit. 


EPROMs 


An EPROM is an erasable PROM. Unlike an ordinary PROM, an EPROM can be repro- 
grammed if an existing program in the memory array is erased first. 

An EPROM uses an NMOSFET array with an isolated-gate structure. The isolated tran- 
sistor gate has no electrical connections and can store an electrical charge for indefinite pe- 
riods of time. The data bits in this type of array are represented by the presence or absence 
of a stored gate charge. Erasure of a data bit is a process that removes the gate charge. 


«@ FIGURE 10-29 


MOS PROM array with fusible links. 


(All drains are commonly connected 
to Vins) 
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Two basic types of erasable PROMs are the ultraviolet erasable PROM (UV EPROM) 
and the electrically erasable PROM (EEPROM). 


UV EPROMs You can recognize the UV EPROM device by the transparent quartz lid on 
the package, as shown in Figure 10-30. The isolated gate in the FET of an ultraviolet 
EPROM is “floating” within an oxide insulating material. The programming process causes 
electrons to be removed from the floating gate. Erasure is done by exposure of the memory 
array chip to high-intensity ultraviolet radiation through the quartz window on top of the 
package. The positive charge stored on the gate is neutralized after several minutes to an 
hour of exposure time. 


» FIGURE 10-30 
Ultraviolet erasable PROM package. 





A typical UV EPROM is represented in Figure 10—31 by a logic diagram. Its operation 
is representative of that of other typical UV EPROMs of various sizes. As the logic symbol 
shows, this device has 2048 addresses (2'' = 2048), each with eight bits. Notice that the 
eight outputs are tristate (V). 


» FIGURE 10-31 


The logic symbol for a 2048 x 8 UV 
EPROM. 
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To read from the memory, the output enable input (OE) must be LOW and the power- 
down/program (CE/PGM) input LOW. To erase the stored data, the device is exposed to 
high-intensity ultraviolet light through the transparent lid. A typical UV lamp will erase the 
data in about 20 to 25 minutes. As in most UV EPROMs after erasure, all bits are 1s. Nor- 
mal ambient light contains the correct wavelength of UV light for erasure over a period of 
time. Therefore, the transparent lid on the package must be kept covered. 

To program the device, a high dc voltage is applied to Vpp and OE is HIGH. The eight 
data bits to be programmed into a given address are applied to the outputs (Op through O,), 


FLASH MEMORIES & 563 


and the address is selected on inputs Ap through Aj). Next, a HIGH level pulse is applied to 
the CE/PGM input. The addresses can be programmed in any order. 

A timing diagram for the programming is shown in Figure 10—32. These signals are nor- 
mally produced by an EPROM programmer. 


«@ FIGURE 10-32 


Timing diagram for a 2048 x 8 UV 
EPROM programming cycle, with 
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EEPROMs An electrically erasable PROM can be both erased and programmed with 
electrical pulses. Since it can be both electrically written into and electrically erased, the 
EEPROM can be rapidly programmed and erased in-circuit for reprogramming. 

Two types of EEPROMs are the floating-gate MOS and the metal nitride-oxide silicon 
(MNOS). The application of a voltage on the control gate in the floating-gate structure per- 
mits the storage and removal of charge from the floating gate. 


| [section 10-4 | 
| REVIEW 1. How do PROMs differ from ROMs? | 


2. After erasure, all bits are (1s, Os) in a typical EPROM. 
3. What is the normal mode of operation for a PROM? 


WOl5) FLAsH MEMORIES 


The ideal memory has high storage capacity, nonvolatility, in-system read and write 
capability, comparatively fast operation, and cost effectiveness. The traditional memory 
technologies such as ROM, PROM, EPROM, EEPROM, SRAM, and DRAM 
individually exhibit one or more of these characteristics, but none of these technologies 
has all of them except the flash memory. 


After completing this section, you should be able to 


= Discuss the basic characteristics of a flash memory ® Describe the basic operation of 
a flash memory cell ®" Compare flash memories with other types of memories 
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» FIGURE 10-33 


The storage cell in a flash memory. 


Flash memories are high-density read/write memories (high-density translates into 
large bit storage capacity) that are nonvolatile, which means that data can be stored indefi- 
nitely without power. They are sometimes used in place of floppy or small-capacity hard 
disk drives in portable computers. 

High-density means that a large number of cells can be packed into a given surface area 
on a chip; that is, the higher the density, the more bits that can be stored on a given size chip. 
This high density is achieved in flash memories with a storage cell that consists of a single 
floating-gate MOS transistor. A data bit is stored as charge or the absence of charge on the 
floating gate depending if a 0 or a 1 is stored. 


Flash Memory Cell 


A single-transistor cell in a flash memory is represented in Figure 10-33. The stacked gate 
MOS transistor consists of a control gate and a floating gate in addition to the drain and 
source. The floating gate stores electrons (charge) as a result of a sufficient voltage applied 
to the control gate. A 0 is stored when there is more charge and a / is stored when there is 
less or no charge. The amount of charge present on the floating gate determines if the tran- 
sistor will turn on and conduct current from the drain to the source when a control voltage 
is applied during a read operation. 
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Many electrons = more charge = stored 0. Few electrons = less charge = stored |. 


Basic Flash Memory Operation 


There are three major operations in a flash memory: the programming operation, the read 
operation, and the erase operation. 


Programming Initially, all cells are at the 1 state because charge was removed from each 
cell in a previous erase operation. The programming operation adds electrons (charge) to 
the floating gate of those cells that are to store a 0. No charge is added to those cells that 
are to store a 1. Application of a sufficient positive voltage to the control gate with respect 
to the source during programming attracts electrons to the floating gate, as indicated in 
Figure 10-34. Once programmed, a cell can retain the charge for up to 100 years without 
any external power. 


Read During a read operation, a positive voltage is applied to the control gate. The 
amount of charge present on the floating gate of a cell determines whether or not the volt- 
age applied to the control gate will turn on the transistor. If a | is stored, the control gate 
voltage is sufficient to turn the transistor on. If a 0 is stored, the transistor will not turn on 
because the control gate voltage is not sufficient to overcome the negative charge stored in 
the floating gate. Think of the charge on the floating gate as a voltage source that opposes 
the voltage applied to the control gate during a read operation. So the floating gate charge 
associated with a stored 0 prevents the control gate voltage from reaching the turn-on 
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To store a 0, a sufficient positive voltage is 
applied to the control gate with respect to the 
source to add charge to the floating gate during 
programming. 
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To erase a cell, a sufficient positive voltage is 
applied to the source with respect to the control 
gate to remove charge from the floating gate 
during the erase operation. 


+ Vp 


To store a 1, no charge is added and the cell is 
left in the erased condition. 


threshold, whereas the small or zero charge associated with a stored | allows the control 
gate voltage to exceed the turn-on threshold. 

When the transistor turns on, there is current from the drain to the source of the cell tran- 
sistor. The presence of this current is sensed to indicate a 1, and the absence of this current 
is sensed to indicate a 0. This basic idea is illustrated in Figure 10-35. 
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When a | is read, the transistor turns on because 
the absence of charge on the floating gate 
allows the read voltage to exceed the turn-on 
threshold. 


Erase During an erase operation, charge is removed from all the memory cells. A suffi- 
cient positive voltage is applied to the transistor source with respect to the control gate. This 
is Opposite in polarity to that used in programming. This voltage attracts electrons from the 
floating gate and depletes it of charge, as illustrated in Figure 10—36. A flash memory is al- 
ways erased prior to being reprogrammed. 


“@ FIGURE 10-36 


Simplified illustration of removing 
charge from a cell during erase. 
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<4 FIGURE 10-34 


Simplified illustration of storing a 0 
ora 1 ina flash cell during the 
programming operation. 


«@ FIGURE 10-35 


The read operation of a flash cell in 
an array. 
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_ Basic Flash Memory Array 


A simplified array of flash memory cells is shown in Figure 10-37. Only one row line is ac- 
cessed at a time. When a cell in a given bit line turns on (stored 1) during a read operation, 
there is current through the bit line, which produces a voltage drop across the active load. 
This voltage drop is compared to a reference voltage with a comparator circuit and an out- 
put level indicating a | is produced. If a.0 is stored, then there is no current or little current 
in the bit line and an opposite level is produced on the comparator output. 





Flash vs. ROM, EPROM, and EEPROM _ Read-only memories are high-density, non- 
volatile devices. However, once programmed the contents of a ROM can never be altered. 
Also, the initial programming is a time-consuming and costly process. 

Although the EPROM is a high-density, nonvolatile memory, it can be erased only by re- 
moving it from the system and using ultraviolet light. It can be reprogrammed only with 
specialized equipment. 

The EEPROM has a more complex cell structure than either the ROM or EPROM and 
so the density is not as high, although it can be reprogrammed without being removed 
from the system. Because of its lower density, the cost/bit is higher than ROMs or 
EPROMs. 

A flash memory can be reprogrammed easily in the system because it is essentially a 
READ/WRITE device. The density of a flash memory compares with the ROM and 
EPROM because both have single transistor cells. A flash memory (like a ROM, 
EPROM, or EEPROM) is nonvolatile, which allows data to be stored indefinitely with 
power off. 


Flash vs. SRAM As you have learned, static random-access memories are volatile 
READ/WRITE devices. A SRAM requires constant power to retain the stored data. In 
many applications, a battery backup is used to prevent data loss if the main power 
source is turned off. However, since battery failure is always a possibility, indefinite re- 
tention of the stored data in a SRAM cannot be guaranteed. Because the memory cell 
in a SRAM is basically a flip-flop consisting of several transistors, the density is rela- 
tively low. 

A flash memory is alsoa READ/WRITE memory, but unlike the SRAM it is nonvolatile. 
Also, a flash memory has a much higher density than a SRAM. 


Flash vs. DRAM Dynamic random-access memories are volatile high-density READ/ 
WRITE devices. DRAMs require not only constant power to retain data but also that the 
stored data must be refreshed frequently. In many applications, backup storage such as hard 
disk must be used with a DRAM. 

Flash memories exhibit higher densities than DRAMs because a flash memory cell 
consists of one transistor and does not need refreshing, whereas a DRAM cell is one tran- 
sistor plus a capacitor that has to be refreshed. Typically, a flash memory consumes much 
less power than an equivalent DRAM and can be used as a hard disk replacement in many 
applications. 

Table 10-2 provides a summary of the comparison of the memory technologies. 


vY TABLE 10-2 


Comparison of types of memories. 
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_ | SECTION 10-5 | 
| REVIEW 1. What types of memories are nonvolatile? | 


f 
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2. What is a major advantage of a flash memory over a SRAM or DRAM? 


3. List the three modes of operation of a flash memory. 
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10-6 MEMORY EXPANSION 


Available memory can be expanded to increase the word length (number of bits in 
each address) or the word capacity (number of different addresses) or both. Memory 
expansion is accomplished by adding an appropriate number of memory chips to the 
address, data, and control buses. SIMMs, DIMMs, and RIMMs, which are types of 
memory expansion modules, are introduced. 


After completing this section, you should be able to 


= Define word-length expansion ® Show how to expand the word length of a memory 
= Define word-capacity expansion ® Show how to expand the word capacity of a 
memory 


Word-Length Expansion 


To increase the word length of a memory, the number of bits in the data bus must be in- 
creased. For example, an 8-bit word length can be achieved by using two memories, each 
with 4-bit words as illustrated in Figure 10—38(a). As you can see in part (b), the 16-bit ad- 
dress bus is commonly connected to both memories so that the combination memory still 
has the same number of addresses (2'° = 65,536) as each individual memory. The 4-bit data 
buses from the two memories are combined to form an 8-bit data bus. Now when an address 
is selected, eight bits are produced on the data bus—four from each memory. Example 12—2 
shows the details of 65,536 x 4 to 65,536 X 8 expansion. 


65,536 x 8 
Address 16 bits ROM OGEORS 16 bits ROM 1 
us 65,536 x 4 “i bus 
aie 2" 4 bits 
bus 
Control Control 
bus bus 
— 8bits _- Data 
bus 
Address wayne | ROM _@iie| ROM2 
bus PMS | 65,536x4 = a 
eae, ata ar 
4 bits a 4 bits 
Control 
bus 
(a) Two separate 65,536 x 4 ROMs (b) One 65,536 x 8 ROM from two 65,536 x 4 ROMs 


A FIGURE 10-38 





Expansion of two 65,536 x 4 ROMs into a 65,536 x 8 ROM to illustrate word-length expansion. 
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EXAMPLE 10-2 
Expand the 65,536 x 4 ROM (64k x 4) in Figure 10—39 to form a 64k x 8 ROM. Note 
that “64k” is the accepted shorthand for 65,536. Why not “65k’’? Maybe it’s because 
64 is also a power-of-two. 


>» FIGURE 10-39 
A 64k x 4 ROM. 


Oo 

O, | Data 
O, | output 
O 


Address 


3 





Solution Two 64k x 4 ROMs are connected as shown in Figure 10-40. Notice that a specific 
address is accessed in ROM | and ROM 2 at the same time. The four bits from a 
selected address in ROM | and the four bits from the corresponding address in ROM 
2 go out in parallel to form an 8-bit word on the data bus. Also notice that a LOW on 
the chip enable line, E, which forms a simple control bus, enables both memories. 
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A FIGURE 10-40 


Related Problem Describe how you would expand a 64k x 1 ROM to a 64k x 8 ROM. 





EXAMPLE 10-3 


Use the memories in Example 10—2 to form a 64k x 16 ROM. 


Solution In this case you need a memory that stores 65,536 16-bit words. Four 64k x 4 ROMs 
are required to do the job, as shown in Figure 10-41. 
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A FIGURE 10-41 


Related Problem How many 64k x 1 ROMs would be required to implement the memory shown in | 
Figure 10-41? 


A ROM has only data outputs, but a RAM has both data inputs and data outputs. For 
word-length expansion ina RAM (SRAM or DRAM), the data inputs and data outputs form 
the data bus. Because the same lines are used for data input and data output, tristate buffers 
are required. Most RAMs provide internal tristate circuitry. Figure 10—42 illustrates RAM 
expansion to increase the data word length. 


®» FIGURE 10-42 RAM 2” x 2n 
: . Address ; 
Illustration of word-length expansion bus 7m bits 
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2” x 2n RAM. 
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| EXAMPLE 10-4 
Use IM x 4 SRAMS to create a IM x 8 SRAM. 


Solution Two 1M x 4 SRAMs are connected as shown in the simplified block diagram of 
Figure 10-43. 


Related Problem Use 1M x 8 SRAMS to create a 1M x 16 SRAM. 
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4 FIGURE 10-43 


_Word-Capacity Expansion 


When memories are expanded to increase the word capacity, the number of addresses is 
increased. To achieve this increase, the number of address bits must be increased, as illus- 
trated in Figure 10-44, (where two 1M x 8 RAMs are expanded to form a 2M x 8 memory). 

Each individual memory has 20 address bits to select its 1,048,576 addresses, as shown in 
part (a). The expanded memory has 2,097,152 addresses and therefore requires 21 address 
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A FIGURE 10-44 





Illustration of word-capacity expansion. 
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Solution 
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bits, as shown in part (b). The twenty-first address bit is used to enable the appropriate mem- 
ory chip. The data bus for the expanded memory remains eight bits wide. Details of this ex- 
pansion are illustrated in Example 10-5. 





| EXAMPLE 10-5 
Use 512k x 4 RAMs to implement a 1M x 4 memory. 


The expanded addressing is achieved by connecting the chip enable (Ey) input to the 
twentieth address bit (Ajo), as shown in Figure 10—45. Input E, is used as an enable 
input common to both memories. When the twentieth address bit (A;y) is LOW, RAM 
1 is selected (RAM 2 is disabled), and the nineteen lower-order address bits (Ay—Aj¢) 
access each of the addresses in RAM |. When the twentieth address bit (Aj) is 
HIGH, RAM 2 is enabled by a LOW on the inverter output (RAM 1 is disabled), and 
the nineteen lower-order address bits (Ag—Aj) access each of the RAM 2 addresses. 
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4& FIGURE 10-45 


Related Problem What are the ranges of addresses in RAM | and in RAM 2 in Figure 10-45”? 





_Memory Modules 


RAMs are commonly supplied as single in-line memory modules (SIMMs) or as dual in- 
line memory modules (DIMMs). SIMMs and DIMMs are small circuit boards on which 
memory chips (ICs) are mounted with the inputs and outputs connected to an edge con- 
nector on the bottom of the board. DIMMs are generally faster, but they can only be in- 
stalled in machines that are designed for them. 

Two classifications of SIMMs are the 30-pin and the 72-pin. These are illustrated in 
Figure 10-46. Although memory capacities for SIMMs vary anywhere from 256 kB to 
32 MB, the key difference in the two pin configurations is the size of the data path. Gener- 
ally, 30-pin SIMMs are designed for 8-bit data buses, and more SIMMs are required for 
handling more data bits. The 72-pin SIMMs can accommodate a 32-bit data bus, so for 64- 
bit data buses a pair of SIMMs is required. 
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< FIGURE 10-46 
30-pin and 72-pin SIMMs. 
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DIMMs look similar to SIMMs but provide an increase in memory density with only a 


relatively slight increase in physical size. The key difference is that DIMMs distribute the in- 
put and output pins on both sides of the PC board, whereas SIMMs use only one side. Com- 
mon DIMM configurations are 72-pin, 100-pin, 144-pin, and 168-pin that accommodate 
both 32-bit and 64-bit data paths. Generally, DIMM capacities range from 4 MB to 512 MB. 

SIMMs and DIMMs plug into sockets on a system board such as those illustrated in 
Figure 10-47 where several sockets are generally available for memory expansion. The 
sockets for SIMMs and DIMMs, of course, are different and not interchangeable. 

Another standard memory module, similar to the DIMM but with a higher speed bus, is 
the RIMM (rambus in-line memory module). Also, many laptop computers use a variation 
of the DIMM called the SODIMM, which is smaller in size, has 144 pins, and has up to a 
256 MB capacity. 





“« FIGURE 10-47 


A SIMM/DIMM is inserted into a 
socket on a system board. 





Memory components are extremely sensitive to static electricity. Use the following pre- 
cautions when handling memory chips or modules such as SIMMs and DIMMs: 


Pe miatam ees oem ren Spee a nee 


~ Before handling, discharge your body’s static charge by touching a grounded surface or 
wear a grounding wrist strap containing a high-value resistor if available. A convenient, 
reliable ground is the ac outlet ground. 

» Do notremove components from their antistatic bags until you are ready to install them. 

Do not lay parts on the antistatic bags because only the inside is antistatic. 

» When handling SIMMs or DIMMs, hold by the edges or the metal mounting bracket. 
Do not touch components on the boards or the edge connector pins. 

© Never slide any part over any type of surface. 

» Avoid plastic, vinyl, styrofoam, and nylon in the work area. 


When installing SIMMs or DIMMs, follow these steps: 


. Line up the notches on the SIMM or DIMM board with the notches in the memory socket. 
Push firmly on the module until it is securely seated in the socket. 

Generally, the latches on both sides of the socket will snap into place when the mod- 
ule is completely inserted. These latches also release the module, so it can be removed 
from the socket. 


Wns 
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| | SECTION 10-6 | 
Preview 1. How many 16k x 1 RAMs are required to achieve a memory with a word capacity | 


| of 16k and a word length of eight bits? 


2. To expand the 16k x 8 memory in question 1 to a 32k x 8 organization, how many 
more 16k x 1 RAMs are required? | 


| 3. What does SIMM stand for? 
| 4. What does DIMM stand for? 
| 5. What does the term RIMM stand for? 
} 
! 
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In this section, the first in—first out (FIFO) memory, the last in—first out (LIFO) 
memory, the memory stack, and the charge-coupled device memory are covered. 





After completing this section, you should be able to 


= Describe a FIFO memory ® Describe a LIFO memory ® Discuss memory stacks 
= Explain how to use a portion of RAM as a memory stack ® Describe a basic CCD 
memory 


First In—First Out (FIFO) Memories 


This type of memory is formed by an arrangement of shift registers. The term FIFO refers 
to the basic operation of this type of memory, in which the first data bit written into the 
memory is the first to be read out. 

One important difference between a conventional shift register and a FIFO register is il- 
lustrated in Figure 10-48. In a conventional register, a data bit moves through the register 
only as new data bits are entered; in a FIFO register, a data bit immediately goes through 
the register to the right-most bit location that is empty. 


Conventional shift register FIFO shift register 











0 Ce ee 0 Sl te ee 
eee I = (o— 1] 0 | —- 8 
ee Mee ane ee ee 
0 po 4 eee ee 0 Go ei oe 
X = unknown data bits. — =empty positions. 
In a conventional shift register, data stay to the left until “forced” In a FIFO shift register, data “fall” through (go right). 


through by additional data. 


A FIGURE 10-48 


Comparison of conventional and FIFO register operation. 


Figure 10-49 is a block diagram of a FIFO serial memory. This particular memory has 
four serial 64-bit data registers and a 64-bit control register (marker register). When data 
are entered by a shift-in pulse, they move automatically under control of the marker regis- 
ter to the empty location closest to the output. Data cannot advance into occupied positions. 
However, when a data bit is shifted out by a shift-out pulse, the data bits remaining in the 


SPECIAL TYPES OF MEMORIES ® 575 


Memory array stores «@ FIGURE 10-49 
roan See Os Block diagram of a typical FIFO serial 


memory. 
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registers automatically move to the next position toward the output. In an asynchronous 
FIFO, data are shifted out independent of data entry, with the use of two separate clocks. 


FIFO Applications 


One important application area for the FIFO register is the case in which two systems of 
differing data rates must communicate. Data can be entered into a FIFO register at one rate 
and taken out at another rate. Figure 10—S0 illustrates how a FIFO register might be used in 
these situations. 


« FIGURE 10-50 


Irregular-rate data FIFO register Constant-rate data 


Examples of the FIFO register in 


(a) Irregular telemetry data can be stored and retransmitted at a constant rate. data-rate buffering applications. 


Lower-rate data FIFO register Higher-rate data 


| 


(b) Data input at a slow keyboard rate can be stored and then transferred at a higher rate for processing. 


Constant-rate data FIFO register Burst data 


| 


(c) Data input at a constant rate can be stored and then output in bursts. 


Burst data FIFO register Constant-rate data 


| 


(d) Data in bursts can be stored and reformatted into a constant-rate output. 


Last In—First Out (LIFO) Memories 


The LIFO (last in—first out) memory is found in applications involving microprocessors 
and other computing systems. It allows data to be stored and then recalled in reverse order: 
that is, the last data byte to be stored is the first data byte to be retrieved. 


Register Stacks A LIFO memory is commonly referred to as a push-down stack. In some 
systems, it is implemented with a group of registers as shown in Figure 10-51. A stack can 
consist of any number of registers, but the register at the top is called the top-of-stack. 
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» FIGURE 10-51 Top-of-stack 


Register stack. 





nth register 





To illustrate the principle, a byte of data is loaded in parallel onto the top of the stack. 
Each successive byte pushes the previous one down into the next register. This process 1s 
illustrated in Figure 10-52. Notice that the new data byte is always loaded into the top reg- 
ister and the previously stored bytes are pushed deeper into the stack. The name push-down 


stack comes from this characteristic. 


» FIGURE 10-5200 First data byte pushed onto stack Second data byte pushed onto stack Third data byte pushed onto stack 
Simplified illustration of pushing data oe ae ep Chet Vo a ee eee es ee 
ont the stack DES ea Peso eae a ee 





Data bytes are retrieved in the reverse order. The last byte entered is always at the top of 
the stack, so when it is pulled from the stack, the other bytes pop up into the next higher lo- 
cations. This process is illustrated in Figure 10—53. 


» FIGURE 10-53 Initially storing 3 data bytes. After third byte is pulled After second byte is pulled 
Simplified illustration of pulling data zee me byte in is at top-of- ee sein the Seen byte from Stack, ihe net Use 
stack. that was stored pops up to that was stored pops up to 
from the stack. the top-of-stack. the top-of-stack. 
I er Pie ye Poe 1 Oe I gd 


| 
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RAM Stack Another approach to LIFO memory used in microprocessor-based systems is 
the allocation of a section of RAM as the stack rather than the use of a dedicated set of reg- 
isters. As you have seen, for a register stack the data moves up or down from one location 
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to the next. In a RAM stack, the data itself does not move but the top-of-stack moves under 
control of a register called the stack pointer. 

Consider a random-access memory that is byte organized—that is, one in which each ad- 
dress contains eight bits—as illustrated in Figure 10-54. The binary address 
0000000000001111, for example, can be written as OOOF in hexadecimal. A 16-bit address 
can have a minimum hexadecimal value of 0000,, and a maximum value of FFFF,,. With 
this notation, a64 kB memory array can be represented as shown in Figure 10-54. The low- 
est memory address is 0000,, and the highest memory address is FFFF ¢. 
16-bit address «@ FIGURE 10-54 
(hexadecimal) 

0000} j_. 
0001 | 


Representation of a 64 kB memory 
with the 16-bit addresses expressed 






in hexadecimal. 


at ett 





Now, consider a section of RAM set aside for use as a stack. A special separate register, 
the stack pointer, contains the address of the top of the stack, as illustrated in Figure 10-55. 
A 4-digit hexadecimal representation is used for the binary addresses. In the figure, the ad- 
dresses are chosen for purposes of illustration. 


Small 
section 
of RAM 








fo | Top-of-stack 


taproot 
Sora etetera 
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Stack pointer 





(a) The stack pointer is initially at FREE before the data word (b) The stack pointer is decremented by two and the data 


0001001000110100 (1234) is pushed onto the stack. word 0001001000110100 is placed in the two locations 
prior to the original stack pointer location. 


& FIGURE 10-55 
Illustration of the PUSH operation for a RAM stack. 


Now let’s see how data are pushed onto the stack. The stack pointer is initially at ad- 
dress FFEE),, which is the top of the stack as shown in Figure 10—55(a). The stack pointer 
is then decremented (decreased) by two to FFEC,,. This moves the top of the stack to a 
lower memory address, as shown in Figure 10—55(b). Notice that the top of the stack is 
not stationary as in the fixed register stack but moves downward (to lower addresses) in 
the RAM as data words are stored. Figure 10-55(b) shows that two bytes (one data word) 
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Stack pointer 
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are then pushed onto the stack. After the data word is stored, the top of the stack is at 
FFEC i. 

Figure 10-56 illustrates the POP operation for the RAM stack. The last data word stored 
in the stack is read first. The stack pointer that is at FFEC is incremented (increased) by two 
to address FFEE,, and a POP operation is performed as shown in part (b). Keep in mind 
that RAMs are nondestructive when read, so the data word still remains in the memory af- 
ter a POP operation. A data word is destroyed only when a new word is written over it. 


| 
1 






Stack pointer 


[ree /-+[ofofofofojofolo, Top-of-stack 


Eis 
ie 


Top-of-stack 


(a) The stack pointer is at FFEC before the data word is (b) The stack pointer is incremented by two and the last 
copied (popped) from the stack. data word stored is copied (popped) from the stack. 


» FIGURE 10-57 


A CCD (charge-coupled device) 


channel. 


| [section 10-7 
REVIEW 


& FIGURE 10-56 
Illustration of the POP operation for the RAM stack. 


A RAM stack can be of any depth, depending on the number of continuous memory ad- 
dresses assigned for that purpose. 


CCD Memories 


The CCD (charge-coupled device) memory stores data as charges on capacitors. Unlike the 
DRAM, however, the storage cell does not include a transistor. High density is the main ad- 


vantage of CCDs. 

The CCD memory consists of long rows of semiconductor capacitors, called channels. 
Data are entered into a channel serially by depositing a small charge for a O and a large 
charge for a | on the capacitors. These charge packets are then shifted along the channel by 
clock signals as more data are entered. 

As with the DRAM, the charges must be refreshed periodically. This process is done by 
shifting the charge packets serially through a refresh circuit. Figure 10-57 shows the basic 
concept of a CCD channel. Because data are shifted serially through the channels, the CCD 
memory has a relatively long access time. CCD arrays are used in some modern cameras to 
capture video images in the form of light-induced charge. 


dec eee 


harge 
Charge —_- - —- —- - - - -* 


Substrate 


1. What is a FIFO memory? | 
2. What is a LIFO memory? 
3. Explain the PUSH operation in a memory stack. : 
4. Explain the POP operation in a memory stack. 
5. What does the term CCD stand for? 
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9028) MAGNETIC AND OPTICAL STORAGE 


In this section, the basics of magnetic disks, magnetic tape, magneto-optical disks, and 
optical disks are introduced. These storage media are very important, particularly in 
computer applications, where they are used for mass nonvolatile storage of data and 
programs. 





After completing this section, you should be able to 


= Describe a magnetic hard disk ™ Describe a floppy disk ™ Discuss removable hard 
disks ™ Explain the principle of magneto-optical disks ™ Discuss the CD-ROM, CD-R, 
and CD-RW disks ® Describe the WORM ® Discuss the DVD-ROM 


Magnetic Storage 


Magnetic Hard Disks Computers use hard disks as the internal mass storage media. Hard 
disks are rigid “platters” made of aluminum alloy or a mixture of glass and ceramic cov- 
ered with a magnetic coating. Hard disk drives mainly come in two diameter sizes, 5.25 in. 
and 3.5 in. although 2.5 in. and 1.75 in. are also available. A hard disk drive is hermetically 
sealed to keep the disks dust-free. 

Typically, two or more platters are stacked on top of each other on a common shaft or 
spindle that turns the assembly at several thousand rpm. A separation between each disk al- 
lows for a magnetic read/write head that is mounted on the end of an actuator arm, as shown 
in Figure 10-58. There is a read/write head for both sides of each disk since data are 
recorded on both sides of the disk surface. The drive actuator arm synchronizes all the 
read/write heads to keep them in perfect alignment as they “fly” across the disk surface with 
a separation of only a fraction of a millimeter from the disk. A small dust particle could 
cause a head to “crash,” causing damage to the disk surface. 









“@ FIGURE 10-58 


Spindle 
A hard disk drive. 
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Case 


Basic Read/Write Head Principles The hard drive is a random-access device because it 
can retrieve stored data anywhere on the disk in any order. A simplified diagram of the 
magnetic surface read/write operation is shown in Figure 10-59. The direction or polar- 
ization of the magnetic domains on the disk surface is controlled by the direction of the 
magnetic flux lines (magnetic field) produced by the write head according to the direction 
of a current pulse in the winding. This magnetic flux magnetizes a small spot on the disk 
surface in the direction of the magnetic field. A magnetized spot of one polarity represents 
a binary |, and one of the opposite polarity represents a binary 0. Once a spot on the disk 
surface is magnetized, it remains until written over with an opposite magnetic field. 
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COMPUTER NOTE 


Data are stored on a hard drive in 
the form of files. Keeping track of 
the location of files is the job of 
the device driver that manages 
the hard drive (sometimes referred 
to as hard drive BIOS). The device 
driver and the computer's 
operating system can access two 
tables to keep track of files and 
file names. The first table is called 
the FAT (File Allocation Table). 
The FAT shows what is assigned to 
specific files and keeps a record of 
open sectors and bad sectors. The 
second table is the Root Directory 
which has file names, type of file, 
time and date of creation, starting 
cluster number, and other 
information about the file. 





hie Sector a 
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>» FIGURE 10-59 Voltage 
Simplified read/write head pulse Write 


J current 


operation. 





Magnetic / 


surface 


When the magnetic surface passes a read head, the magnetized spots produce magnetic 
fields in the read head, which induce voltage pulses in the winding. The polarity of these 
pulses depends on the direction of the magnetized spot and indicates whether the stored bit 
is a | ora Q. The read and write heads are usually combined in a single unit. 


Hard Disk Format A hard disk 1s organized or formatted into tracks and sectors, as shown 
in Figure 10—60(a). Each track is divided into a number of sectors, and each track and sec- 
tor has a physical address that is used by the operating system to locate a particular data 
record. Hard disks typically have from a few hundred to thousands of tracks. As you can 
see in the figure, there is a constant number of tracks/sector, with outer sectors using more 
surface area than the inner sectors. The arrangement of tracks and sectors on a disk is known 
as the format. 

A hard disk stack is illustrated in Figure 10—60(b). Hard disk drives differ in the number 
of platters in a stack, but there is always a minimum of two. All of the same corresponding 
tracks on each platter are collectively known as a cylinder, as indicated. 


Corresponding tracks (blue) 
make a cylinder 


Track n 


Track 3 








(b) 


A FIGURE 10-60 





Hard disk organization and formatting. 
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Hard Disk Performance Several basic parameters determine the performance of a given 
hard disk drive. A seek operation is the movement of the read/write head to the desired 
track. The seek time is the average time for this operation to be performed. Typically, hard 
disk drives have an average seek time of several milliseconds, depending on the particular 
drive. 

The latency period is the time it takes for the desired sector to spin under the head once 
the head is positioned over the desired track. A worst case is when the desired sector is just 
past the head position and spinning away from it. The sector must rotate almost a full rev- 
olution back to the head position. Average latency period assumes that the disk must make 
half of a revolution. Obviously, the latency period depends on the constant rotational speed 
of the disk. Disk rotation speeds are different for different disk drives but typically are 
3600 rpm, 4500 rpm, 5400 rpm, and 7200 rpm. Some disk drives rotate at 10,033 rpm and 
have an average latency period of less than 3 ms. 

The sum of the average seek time and the average latency period is the access time for 
the disk drive. 


Floppy Disks The floppy disk is an older technology and derives its name because it is 
made of a flexible polyester material with a magnetic coating on both sides. The early 
floppy disks were 5.25 inches in diameter and were packaged in a semiflexible jacket. Cur- 
rent floppy disks or diskettes are 3.5 inches in diameter and are encased in a rigid plastic 
jacket, as shown in Figure 10—61. A spring-loaded shutter covers the access window and 
remains closed until the disk is inserted into a disk drive. A metal hub has one hole to cen- 
ter the disk and another for spinning it within the protective jacket. Obviously, floppy disks 
are removable disks, whereas hard disks are not. Floppy disks are formatted into tracks and 
sectors similar to hard disks except for the number of tracks and sectors. The high-density 
1.44 MB floppies have 80 tracks per side with 18 sectors. 


@ FIGURE 10-61 
The 3.5 inch floppy disk (diskette). 
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Zip’ The Zip drive is one type of removable magnetic storage device that has replaced 
the limited-capacity floppy. Like the floppy disk, the Zip disk cartridge is a flexible disk 
housed in a rigid case about the same size as that of the floppy disk but thicker. The typical 
Zip drive is much faster than the floppy drive because it has a 3000 rpm spin rate compared 
to the floppy’s 300 rpm. The Zip drive has a storage capacity of up to 250 MB, over 173 
times more than the 1.44 MB floppy. 


Jaz'" Another type of removable magnetic storage device is the Jaz drive, which is sim- 
ilar to a hard disk drive except that two platters are housed in a removable cartridge pro- 


tected by a dust-proof shutter. The Jaz cartridges are available with storage capacities of 
lL orZ GB, 


Removable Hard Disk In addition to the popular Zip and Jaz removable drives, a remov- 
able hard disk drive with capacities of from 80 GB to 250 GB is available. Keep in mind 
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that the technology is changing so rapidly that there most likely will be further advance- 
ments at the time you are reading this. 


Magnetic Tape ‘Tape is used for backup data from mass storage devices and typically is 
slower than disks because data on tape is accessed serially rather than randomly. There are 
several types that are available, including QIC, DAT, 8 mm, and DLT. 

QIC is an abbreviation for quarter-inch cartridge and looks much like audio tape cas- 
settes with two reels inside. Various QIC standards have from 36 to 72 tracks that can store 
from 80 MB to 1.2 GB. More recent innovations under the Travan standard have lengthened 
the tape and increased its width allowing storage capacities up to 4 GB. QIC tape drives use 
read/write heads that have a single write head with a read head on each side. This allows 
the tape drive to verify data just written when the tape is running in either direction. In the 
record mode, the tape moves past the read/write heads at approximately 100 inches/second, 
as indicated in Figure 10-62. 
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& FIGURE 10-62 
QIC tape. 


DAT, which is an abbreviation for digital audio tape, uses a technique called helical scan 
recording. DATs offer storage capacities ranging up to 12 GB but is more expensive than 
OIC, 

A third type of tape format, the 8 mm tape, was originally designed for the video in- 
dustry but has been adopted by the computer industry as a reliable way to store large 
amounts of computer data. 8 mm is similar to DAT but offers storage capacities up to 
2) GB. 

DLT is an abbreviation for digital linear tape. DLT is a half-inch wide tape, which is 60% 
wider than 8 mm and, of course, twice as wide as standard QIC. Basically, DLT differs in 
the way the tape-drive mechanism works to minimize tape wear compared to other systems. 
DLT offers the highest storage capacity of all the tape formats with capacities ranging up 
to. 35 GB. 


_ Magneto-Optical Storage 


As the name implies, magneto-optical (MO) storage devices use a combination of magnetic 
and optical (laser) technologies. A magneto-optical disk is formatted into tracks and sec- 
tors similar to magnetic disks. 

The basic difference between a purely magnetic disk and an MO disk is that the mag- 
netic coating used on the MO disk requires heat to alter the magnetic polarization. There- 
fore, the MO is extremely stable at ambient temperature, making data unchangeable. To 
write a data bit, a high-power laser beam is focused on a tiny spot on the disk, and the 
temperature of that tiny spot is raised above a temperature level called the Curie point 
(about 200°C). Once heated, the magnetic particles at that spot can easily have their di- 
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rection (polarization) changed by a magnetic field generated by the write head. Informa- 
tion is read from the disk with a less-powerful laser than used for writing, making use of 
the Kerr effect where the polarity of the reflected laser light is altered depending on the 
orientation of the magnetic particles. Spots of one polarity represent Os and spots of the 
opposite polarity represent 1s. Basic MO operation is shown in Figure 10—63, which rep- 
resents a small cross-sectional area of a disk. 
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(b) Writing: A high-power laser beam heats the spot, causing the 
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(c) Reading: A low-power laser beam reflects off of the reversed- (d) Erasing: The electromagnetic field is reversed as the high- 
polarity magnetic particles and its polarization shifts. If the particles power laser beam heats the spot, causing the magnetic particles 
are not reversed, the polarization of the reflected beam is unchanged. to be restored to the original polarity. 


& FIGURE 10-63 


Basic principle of a magneto-optical disk. 


Optical Storage 


CD-ROM _ The basic Compact Disk—Read-Only Memory is a 120 mm diameter disk 
with a sandwich of three coatings: a polycarbonate plastic on the bottom, a thin alu- 
minum sheet for reflectivity, and a top coating of lacquer for protection. The CD-ROM 
disk is formatted in a single spiral track with sequential 2 kB sectors and has a capacity 
of 680 MB. Data are prerecorded at the factory in the form of minute indentations called 
pits and the flat area surrounding the pits called /ands. The pits are stamped into the plas- 
tic layer and cannot be erased. 
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A CD player reads data from the spiral track with a low-power infrared laser, as illus- 
trated in Figure 10—64. The data are in the form of pits and lands as shown. Laser light re- 
flected from a pit is 180° out-of-phase with the light reflected from the lands. As the disk 
rotates, the narrow laser beam strikes the series of pits and lands of varying lengths, and a 
photodiode detects the difference in the reflected light. The result is a series of 1s and Os 
corresponding to the configuration of pits and lands along the track. 


» FIGURE 10-64 
~ wort). =F FS Disk 
Basic operation of reading data from 


a CD-ROM. 
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WORM Write Once/Read Many (WORM) is a type of optical storage that can be written 
onto one time after which the data cannot be erased but can be read many times. To write 
data, a low-power laser is used to burn microscopic pits on the disk surface. 1s and Os are 
represented by the burned and nonburned areas. 


CD-R This is essentially a type of WORM. The difference is that the CD-Recordable 
allows multiple write sessions to different areas of the disk. The CD-R disk has a spiral 
track like the CD-ROM, but instead of mechanically pressing indentations on the disk to 
represent data, the CD-R uses a laser to burn microscopic spots into an organic dye sur- 
face. When heated beyond a critical temperature with a laser during read, the burned spots 
change color and reflect less light than the nonburned areas. Therefore, 1s and Os are rep- 
resented on a CD-R by burned and nonburned areas, whereas on a CD-ROM they are rep- 
resented by pits and lands. Like the CD-ROM, the data cannot be erased once it is written. 


CD-RW _ The CD-Rewritable disk can be used to read and write data. Instead of the dye- 
based recording layer in the CD-R, the CD-RW commonly uses a crystalline compound 
with a special property. When it is heated to a certain temperature, it becomes crystalline 
when it cools; but if it is heated to a certain higher temperature, it melts and becomes amor- 
phous when it cools. To write data, the focused laser beam heats the material to the melting 
temperature resulting in an amorphous state. The resulting amorphous areas reflect less 
light than the crystalline areas, allowing the read operation to detect 1s and Os. The data can 
be erased or overwritten by heating the amorphous areas to a temperature above the crys- 
tallization temperature but lower than the melting temperature that causes the amorphous 
material to revert to a crystalline state. 
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DVD-ROM __ Originally DVD was an abbreviation for Digital Video Disk but eventually 
came to represent Digital Versatile Disk. Like the CD-ROM, DVD-ROM data are pre- 
stored on the disk. However, the pit size is smaller than for the CD-ROM, allowing more 
data to be stored on a track. The major difference between CD-ROM and DVD-ROM is 
that the CD is single-sided, while the DVD has data on both sides. Also, in addition to 
double-sided DVD disks, there are also multiple-layer disks that use semitransparent 
data layers placed over the main data layers, providing storage capacities of tens of gi- 
gabytes. To access all the layers, the laser beam requires refocusing going from one layer 
to the other. 


| [section 10-8 ; | 
| REVIEW . List the major types of magnetic storage. | 


. What is the storage capacity of floppy disks? 


1 

2 

3. Generally, how is a magnetic disk organized? 

4. How are data written on and read from a magneto-optical disk? 
5 


. List the types of optical storage. | 


Because memories can contain large numbers of storage cells, testing each cell can be a 
lengthy and frustrating process. Fortunately, memory testing is usually an automated 
process performed with a programmable test instrument or with the aid of software for 
in-system testing. Most microprocessor-based systems provide automatic memory 
testing as part of their system software. 


After completing this section, you should be able to 





= Discuss the checksum method of testing ROMs ® Discuss the checkerboard pattern 
method of testing RAMs 


ROM Testing 


Since ROMs contain known data, they can be checked for the correctness of the stored data 
by reading each data word from the memory and comparing it with a data word that is 
known to be correct. One way of doing this is illustrated in Figure 10-65. This process 
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requires a reference ROM that contains the same data as the ROM to be tested. A special 
test instrument is programmed to read each address in both ROMs simultaneously and to 
compare the contents. A flowchart in Figure 10-66 illustrates the basic sequence. 
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* 1 1s the address number. 


A FIGURE 10-66 
Flowchart for a complete contents check of a ROM. 


Checksum Method Although the previous method checks each ROM address for correct 
data, it has the disadvantage of requiring a reference ROM for each different ROM to be 
tested. Also, a failure in the reference ROM can produce a fault indication. 

In the checksum method a number, the sum of the contents of all the ROM addresses, 
is stored in a designated ROM address when the ROM is programmed. To test the ROM, 
the contents of all the addresses except the checksum are added, and the result is compared 
with the checksum stored in the ROM. If there is a difference, there is definitely a fault. If 
the checksums agree, the ROM is most likely good. However, there is a remote possibility 
that a combination of bad memory cells could cause the checksums to agree. 

This process is illustrated in Figure 10-67 with a simple example. The checksum in this 
case 1s produced by taking the sum of each column of data bits and discarding the carries. 
This is actually an XOR sum of each column. The flowchart in Figure 10-68 illustrates the 
basic checksum test. 


ROM < FIGURE 10-67 


Simplified illustration of a 
programmed ROM with the 
® checksum stored at a designated 
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The checksum test can be implemented with a special test instrument, or it can be in- 
corporated as a test routine in the built-in (system) software or microprocessor-based sys- 
tems. In that case, the ROM test routine is automatically run on system start-up. 


RAM Testing 


To test a RAM for its ability to store both Os and Is in each cell, first Os are written into all 
the cells in each address and then read out and checked. Next, 1s are written into all the cells 
in each address and then read out and checked. This basic test will detect a cell that is stuck 
in either a | state or a O state. 

Some memory faults cannot be detected with the all-Os—all-1s test. For example, if two 
adjacent memory cells are shorted, they will always be in the same state, both Os or both 
ls. Also, the all-Os—all-1s test is ineffective if there are internal noise problems such that 
the contents of one or more addresses are altered by a change in the contents of another 
address. 


The Checkerboard Pattern Test One way to more fully test a RAM is by using a checker- 
board pattern of 1s and Os, as illustrated in Figure 10-69. Notice that all adjacent cells have 
opposite bits. This pattern checks for a short between two adjacent cells; if there is a short, 
both cells will be in the same state. 

After the RAM is checked with the pattern in Figure 10—69(a), the pattern is reversed, 
as shown in part (b). This reversal checks the ability of all cells to store both 1s and Os. 
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«< FIGURE 10-68 


Flowchart for a basic checksum test. 
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(a) 


(b) 


A further test is to alternate the pattern one address at a time and check all the other ad- 
dresses for the proper pattern. This test will catch a problem in which the contents of an ad- 
dress are dynamically altered when the contents of another address change. 

A basic procedure for the checkerboard test is illustrated by the flowchart in Figure 
10-70. The procedure can be implemented with the system software in microprocessor- 
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4 FIGURE 10-70 





Flowchart for basic RAM checkerboard test. 
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based systems so that either the tests are automatic when the system is powered up or they 


can be initiated from the keyboard. 


1. Describe the checksum method of ROM testing. 


| [section 10-9 
| PREVIEW 


3. List the three basic faults that the checkerboard pattern test can detect in a RAM. 


| 2. Why can the checksum method not be applied to RAM testing? 
| 
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In this application, the memory logic for 
the security system that was introduced in 
Chapter 9 is developed. The security code 


be combined with the memory logic to 
form the complete system. 





4 FIGURE 10-71 





i General Operation 


| The block diagram of the complete 

! security system is shown in Figure 10-71. 

| The memory logic stores a 4-digit security 
| code in BCD format. In the disarm mode, 
four digits are entered into the memory 

' from the keypad. Once stored in the 

| memory, the four BCD digits become the 
! permanent security code for entry. If it is 

| necessary to change the code, the 

; memory is reprogrammed with a new one. 


The memory is programmed by first 


| putting the system into the disarm mode 
| and using the store switch and keypad to 
| enter the desired 4-digit code. This is a 

! memory write operation. Once the 

logic that was completed in Chapter 9 will : 


memory is programmed with the security 


' arm mode, which sets the memory up for 
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: read operations. A block diagram of the 


! memory logic is shown in Figure 10-72. 


' The Memory Cell 


89 


| The memory requires sixteen cells to store 
| the four BCD digits of the security code. 
| One possible design for a memory cell is 
| shown in Figure 10-73. A J-K flip-flop is 
| used as the basic storage element and can 


: be operated in two modes (read and 

| write). In the write mode, AddSel (address 
| select) is HIGH and the R/W (read/write) 
| input is LOW. Gates G1 and G2 are 

' enabled, the input bit is applied to the J 
input, and its complement is applied to the 
! K input. The input bit is then stored on the 

| positive edge of the clock pulse. In the read 


' code, the Arm/Disarm switch is changed to | 


mode, AddSel is HIGH and R/W is HIGH 
enabling G3. The stored bit on the Q output 


ArmOut 


To armed light and 
sensor/alarm interface 





Block diagram of the complete security system. 
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FIGURE 10-72 


Block diagram of the memory logic. 
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FIGURE 10-73 
Memory cell logic. 


of the flip-flop appears on the output | memory addresses using the AddSel 

of G3 (Bit out). : lines. 

The Memory Address Decoder 3 The Memory Array 

The memory address decoder logic is 3 The memory has sixteen cells as shown in 
shown in Figure 10-74. A 2-bit binary ! Figure 10-75. When one of the rows in the 
sequence is applied to the select inputs | memory is selected by the address decoder 


(So, 5;) to select each of the four ' and the read/write input is LOW, the 4-bit 








Bit out 


| BCD input code is clocked into the four 

! selected cells. The inputs to the address 

! decoder are sequenced through each of four 
' states (00, 01, 10, and 11) to sequentially 

7 select each row in the memory. 


Figure 10—76 illustrates the 


! programming of the memory as the security 
| code 4739 is sequentially entered. 
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j FIGURE 10-74 


The memory address decoder. A, 
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Memory array and address decoder. 
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(a) Enter digit 4 








hai 
sa 
ES 
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(c) Enter digit 3 


A” FIGURE 10-76 
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(b) Enter digit 7 


0 
Q 






_ 
in 
| 


(d) Enter digit 9 


Illustration of entering a security code (4739) into the memory. 


The Complete Memory Logic 


A keypad encoder is necessary for 
converting a key stroke to a BCD 
code, and a 2-bit counter is used to 
produce the sequence for selecting the | 
memory addresses. This is shown in 
Figure 10-77. At the beginning of 
programming, the counter is reset to 
the 0 state by a reset input from the 


code entry logic and is advanced 


| through its sequence by each key 
! entry. 


: The Complete Security System 


: Now that the memory logic is complete, 

! we can combine it with the security code 
! logic from Chapter 9 shown as a block 

| diagram in Figure 10-78 to form the 
complete security system shown as a block 


: diagram in Figure 10-79. 
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i System Assignment 
: = Activity 1 Explain what the keypad 


encoder does in the memory. 


: ® Activity 2 Explain what the 2-bit 


counter does in the memory. 


: ® Optional Activity Construct the 


complete security entry system using 
standard 74XX devices and other 
required components. Test the system. 
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FIGURE 10-77 


The complete memory logic. 
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FIGURE 10-78 





The security code logic (from Chapter 11). 
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=m Types of SRAMs (Static RAMs) and DRAMs (Dynamic RAMs): 



















Faster than DRAM. Slower than SRAM. | 

Smaller capacity Larger capacity Capacitor storage 

~ ane ~ Flip-flop acyl cells. Must be 
ten used as storage cells Bet ae SBSUh refreshed. 

cache memory. 7 memory. 





=m Types of magnetic storage: 





Random access 





Serial access 


m Types of optical (laser) storage: 





Cross between Prerecorded at Recordable Rewritable Write once read Digital versatile 


magnetic and factory 


many disk 
optical 
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/KEYTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Address The location of a given storage cell or group of cells in a memory. 

Bus A set of interconnections that interface one or more devices based on a standardized specification. 
Byte A group of eight bits. 

Capacity The total number of data units (bits, nibbles, bytes, words) that a memory can store. 

Cell A single storage element in a memory. 


DRAM Dynamic random-access memory; a type of semiconductor memory that uses capacitors as 
the storage elements and is a volatile, read/write memory. 


EPROM Erasable programmable read-only memory; a type of semiconductor memory device that 
typically uses ultraviolet light to erase data. 


FIFO First in—first out memory. 


Flash memory A nonvolatile read/write random-access semiconductor memory in which data are 
stored as charge on the floating gate of a certain type of FET. 


Hard disk A magnetic storage device; typically, a stack of two or more rigid disks enclosed in a 
sealed housing. 


LIFO Last in—first out memory; a memory stack. 

PROM Programmable read-only memory; a type of semiconductor memory. 

RAM Random-access memory; a volatile read/write semiconductor memory. 

Read The process of retrieving data from a memory. 

ROM Read-only memory; a nonvolatile random-access semiconductor memory. 

SRAM Static random-access memory; a type of volatile read/write semiconductor memory. 
Word A complete unit of binary data. 


Write The process of storing data in a memory. 


[SELF-TEST == Answers are at the end of the chapter. 


1. The bit capacity of a memory that has 1024 addresses and can store 8 bits at each address is 
(a) 1024 (b) 8192 (c) 8 (d) 4096 
2. A 32-bit data word consists of 
(a) 2 bytes (b) 4 nibbles 
(c) 4 bytes (d) 3 bytes and | nibble 
3. Data are stored in a random-access memory (RAM) during the 
(a) read operation (b) enable operation 
(c) write operation (d) addressing operation 
4. Data that are stored at a given address in a random-access memory (RAM) is lost when 
(a) power goes off 
(b) the data are read from the address 
(c) new data are written at the address 


(d) answers (a) and (c) 


5. A ROM isa 
(a) nonvolatile memory (b) volatile memory 
(c) read/write memory (d) byte-organized memory 


6. A memory with 256 addresses has 
(a) 256 address lines (b) 6 address lines 
(c) | address line (d) 8 address lines 


PROBLEMS 


10. 


11. 


12. 
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A byte-organized memory has 
(a) 1 data output line (b) 4 data output lines 
(c) 8 data output lines (d) 16 data output lines 


The storage cell in a SRAM is 

(a) a flip-flop (b) a capacitor 

(c) a fuse (d) a magnetic domain 

A DRAM must be 

(a) replaced periodically (b) refreshed periodically 
(c) always enabled (d) programmed before each use 
A flash memory is 

(a) volatile (b) a read-only memory 
(c) a read/write memory (d) nonvolatile 

(e) answers (a) and (c) (f) answers (c) and (d) 
Hard disk, floppy disk, Zip disk, and Jaz disk are all 


(a) magneto-optical storage devices 
(b) semiconductor storage devices 
(c) magnetic storage devices 


(d) optical storage devices 


Optical storage devices employ 
(a) ultraviolet light (b) electromagnetic fields 
(c) optical couplers (d) lasers 





SECTION 10-1 


®» FIGURE 10-80 


Answers to odd-numbered problems are at the end of the book. 


Basics of Semiconductor Memory 


1. 


(a) 


Identify the ROM and the RAM in Figure 10-80. 


64x4. 
a Oo 1/0o 
63 O, 0, 
0, 1/0, 
O; 1/03 





2. Explain why RAMs and ROMs are both random-access memories. 


Explain the purposes of the address bus and the data bus. 


- What memory address (0 through 256) is represented by each of the following hexadecimal 


numbers: 
(a) 0Aj, (b) 3F;, (c) CD 
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SECTION 10-2 Random-Access Memories (RAMs) 


5. A static memory array with four rows similar to the one in Figure 10—9 is initially storing all 
Os. What is its content after the following conditions? Assume a | selects a row. 


Row 0 = 1, Data in (Bit 0) = 1 
Row | = 0, Data in (Bit 1) = 1 
Row 2 = |, Data in (Bit 2) = | 
Row 3 = 0, Data in (Bit 3) = 0 
6. Draw a basic logic diagram for a 512 x 8-bit static RAM, showing all the inputs and outputs. 


7. Assuming that a 64k x 8 SRAM has a structure similar to that of the SRAM in Figure 10-11, 
determine the number of rows and 8-bit columns in its memory cell array. 


8. Redraw the block diagram in Figure 10-11 for a 64k x 8 memory. 
9. Explain the difference between a SRAM and a DRAM. 
10. What is the capacity of a DRAM that has twelve address lines? 


SECTION 10-3 Read-Only Memories (ROMs) 


11. For the ROM array in Figure 10-81, determine the outputs for all possible input combinations, 
and summarize them in tabular form (Blue cell is a 1, gray cell is a 0). 


» FIGURE 10-81 





O. 


O 
3 Or O; Oo 
12. Determine the truth table for the ROM in Figure 10-82. 


®» FIGURE 10-82 
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13. Using a procedure similar to that in Example 10-1, design a ROM for conversion of single- 
digit BCD to excess-3 code. 


14. What is the total bit capacity of a ROM that has 14 address lines and 8 data outputs? 


SECTION 10-4 Programmable ROMs (PROMs and EPROMs) 


15. Assuming that the PROM matrix in Figure 10-83 is programmed by blowing a fuse link to 
create a O, indicate the links to be blown to program an he look-up table, where X is a number 
from 0 through 7. 





10 i 
19] A 20 
28 29 
8 | 
37 38 
46 | a 
55| 7 56 
l 64 | 65 
78 a] 





4 FIGURE 10-83 


16. Determine the addresses that are programmed and the contents of each address after the 
programming sequence in Figure 10—84 has been applied to an EPROM like the one shown in 
Figure 10-31. 


SECTION 10-6 Memory Expansion 
17. Use 16k x 4 DRAMS to build a 64k x 8 DRAM. Show the logic diagram. 


18. Using a block diagram, show how 64k x 1 dynamic RAMs can be expanded to build a 
256k x 4 RAM. 


19. What is the word length and the word capacity of the memory of Problem 17? Problem 18? 


SECTION 10-7 Special Types of Memories 


20. Complete the timing diagram in Figure 10-85 by showing the output waveforms that are 
initially all LOW for a FIFO serial memory like that shown in Figure 10-49. 
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& FIGURE 10-84 
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21. Consider a 4096 x 8 RAM in which the last 64 addresses are used as a LIFO stack. If the first 
address in the RAM is 000,,, designate the 64 addresses used for the stack. 


22. In the memory of Problem 21, sixteen bytes are pushed into the stack. At what address is the 
first byte in located? At what address is the last byte in located? 
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SECTION 10-8 Magnetic and Optical Storage 
23. Describe the general format of a hard disk. 
24. Explain seek time and latency period in a hard disk drive. 
25. Why does magnetic tape require a much longer access time than does a disk? 
26. Explain the differences in a magneto-optical disk, a CD-ROM, and a WORM. 


SECTION 10-9 _ Troubleshooting 
27. Determine if the contents of the ROM in Figure 10-86 are correct. 


» FIGURE 10-86 


Checksum 





28. A 128 x 8 ROM is implemented as shown in Figure 10-87. The decoder decodes the two most 
significant address bits to enable the ROMs one at a time, depending on the address selected. 


(a) Express the lowest address and the highest address of each ROM as hexadecimal 
numbers. 

(b) Assume that a single checksum is used for the entire memory and it is stored at the 
highest address. Develop a flowchart for testing the complete memory system. 

(c) Assume that each ROM has a checksum stored at its highest address. Modify the 
flowchart developed in part (b) to accommodate this change. 


(d) What is the disadvantage of using a single checksum for the entire memory rather than a 
checksum for each individual ROM? 
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29. Suppose that a checksum test is run on the memory in Figure 10-87 and each individual ROM 
has a checksum at its highest address. What IC or ICs will you replace for each of the 
following error messages that appear on the system’s video monitor? 


(a) ADDRESSES 40-5F FAULTY 
(b) ADDRESSES 20-3F FAULTY 
(c) ADDRESSES 00-7F FAULTY 
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Digital System Application 


30. Develop a timing diagram for the basic memory logic in Figure 10—72 to illustrate the entry of 
the digits 4321 into the SRAM. Include all the inputs and outputs of each device. 





31. When programming the security system, what is the state of the counter in Figure 10—77 after 
two code digits have been entered? 


32. What is the purpose of the memory logic? 


33. Discuss the advantages and the disadvantages of using a PROM external to the CPLD instead 
of the memory on the CPLD chip in the memory logic. 


~~ Special Design Problems 


34. Modify the design of the memory logic of the security entry system to accommodate a 5-digit 
entry code. 





35. Make the appropriate modifications to the security code logic of the security entry system for a 
5-digit entry code. Refer to the system application in Chapter 9. 





SECTION 10-1 Basics of Semiconductor Memory 


1. Bit is the smallest unit of data. 


256 bytes is 2048 bits. 
A write operation stores data in memory. 
A read operation takes a copy of data from memory. 


A unit of data is located by its address. 


eS - & 


A RAM is volatile and has read/write capability. A ROM is nonvolatile and has only read 
capability. 


SECTION 10-2 Random-Access Memories (RAMs) 
1. Asynchronous and synchronous with burst feature 
2. A small fast memory between the CPU and main memory 


3. SRAMs have latch storage cells that can retain data indefinitely while power is applied. 
DRAMs have capacitive storage cells that must be periodically refreshed. 


4. The refresh operation prevents data from being lost because of capacitive discharge. A stored 
bit is restored periodically by recharging the capacitor to its nominal level. 


5. FPM, EDO, BEDO, Synchronous 


SECTION 10-3 Read-Only Memories (ROMs) 
1. 512 x 8 equals 4096 bits. 
2. Mask ROM, PROM, EPROM, UV EPROM, EEPROM 
3. Eight bits of address are required for 256 byte locations (2° = 956). 


SECTION 10-4 Programmable ROMs (PROMs and EPROMs) 
1. PROMS are field-programmable; ROMs are not. 
2. 1s are left after EPROM erasure. 
3. Read is the normal mode of operation for a PROM. 


SECTION 10-5 _ Flash Memories 
1. Flash, ROM, EPROM, and EEPROM are nonvolatile. 
2. Flash is nonvolatile; SRAM and DRAM are volatile. 


3. Programming, read, erase 


SECTION 10-6 


SECTION 10-7 


SECTION 10-8 


SECTION 10-9 


» FIGURE 10-88 


ANSWERS & 


Memory Expansion 

Eight RAMs 

Eight RAMs 

SIMM;; Single in-line memory module 


DIMM: Dual in-line memory module 


a. oS 


RIMM: Rambus in-line memory module 


Special Types of Memories 

1. Ina FIFO memory the first bit (or word) in is the first bit (or word) out. 
In a LIFO memory the /ast bit (or word) in is the first bit (or word) out. A stack is a LIFO. 
The operation or instruction that adds data to the memory stack 


The operation or instruction that removes data from the memory stack 


A Eee 


CCD is a charge-coupled device. 


Magnetic and Optical Storage 

Magnetic storage: floppy disk, hard disk, tape, and magneto-optical disk. 
Floppy disk storage capacity: 1.44 MB 

A magnetic disk is organized in tracks and sectors. 

A magneto-optical disk uses a laser beam and an electromagnet. 

Optical storage: CD-ROM, CD-R, CD-RW, DVD-ROM, WORM 


oo ee 


Troubleshooting 
1. The contents of the ROM are added and compared with a prestored checksum. 
2. Checksum cannot be used because the contents of a RAM are not fixed. 


3. (1) ashort between adjacent cells; (2) an inability of some cells to store both Is and Os; 


(3) dynamic altering of the contents of one address when the contents of another address change. 





10-1 G,G,G,Gp = 1110 

10-2 Connect eight 64k x 1 ROMs in parallel to form a 64k x 8 ROM. 
10-3 Sixteen 64k x 1 ROMs 

10-4 See Figure 10-88. 
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Programmable Logic: SPLDs and CPLDs 


Altera CPLDs 

Xilinx CPLDs 

Macrocells 

Programmable Logic: FPGAs 
Altera FPGAs 

Xilinx FPGAs 

Programmable Logic Software 
Boundary Scan Logic 
Troubleshooting 

Digital System Application 


CHAPTER OBJECTIVES ~ 


Discuss the types of programmable logic, SPLDs and CPLDs, and 
explain their basic structure 


Describe the basic architecture of two types of SPLDs, the PAL 
and the GAL 


Describe the architecture of the Altera MAX 7000 family of 
CPLDs 


Describe the architecture of the Altera MAX || CPLD 


Explain the basic structure of a programmable logic array (PLA) 


© Describe the architecture of the Xilinx CoolRunner II family of 


CPLDs 


"Discuss the operation of macrocells 


© Distinguish between CPLDs and FPGAs 


© Explain the basic operation of a look-up table (LUT) 


© Define intellectual property and platform FPGA 


© Describe the architecture of the Altera Stratix FPGA family 


© Discuss embedded functions 


© Describe the architecture of the Xilinx Virtex FPGA family 


"= Show a basic software design flow for a programmable device 


~ Explain the design flow elements of design entry, functional 


simulation, synthesis, implementation, timing simulation, and 


downloading 


© Discuss several methods of testing a programmable logic device, 


including boundary scan logic 


4 = 2B 


PAL 

GAL 
Macrocell 
Registered 
CPLD 

LAB 

LUT 

FPGA 

CLB 
Intellectual property 
Design flow 


Target device 


Schematic entry 

Text entry 

Compiler 
Downloading 
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INTRODUCTION 


In this chapter, the basic architecture (internal structure and 
organization) of SPLDs, CPLDs, and FPGAs is discussed. 
Several specific CPLDs are introduced, including the Altera 
MAX 7000, MAX II, and the Xilinx CoolRunner II. FPGAs 
that are introduced are the Altera Stratix and the Xilinx 
Virtex. 

A discussion of software development tools covers the 
generic design flow for programming a device, including 
design entry, functional simulation, synthesis, implementation, 
timing simulation, and downloading. Also, there is a section 
on in-circuit troubleshooting of a circuit board once the 
programmable device is operating. Test methods include 
bed-of-nails, flying probe, and boundary scan. 


HB DIGITAL SYSTEM APPLICATION PREVIEW 





The Digital System Application illustrates a generic design 
flow process for programming the logic for driving a 7- 
segment display. The logic for each segment was developed 
in the Digital System Application in Chapter 4 and VHDL 
programs were written for each one. You could enter the 
VHDL programs using a text entry software tool. However, 
we will illustrate the design flow with a generic schematic 
entry approach. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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» FIGURE 11-1 


Basic AND/OR structure of a PAL. 


Two major types of simple programmable logic devices (SPLDs) are the PAL and the 
GAL. PAL stands for programmable array logic, and GAL stands for generic array 
logic. Generally, a PAL is one-time programmable (OTP), and a GAL is a type of PAL 
that is reprogrammable; however, because some reprogrammable SPLDs are still 
called PALs, the line between PALs and GALs is a little vague in common usage. The 
term GAL is a designation originally used by Lattice Semiconductor and later licensed 
to other manufacturers. The basic structure of both PALs and GALs is a programmable 
AND array and a fixed OR array, which is a basic sum-of-products architecture. The 
complex programmable logic device (CPLD) is basically a single device with multiple 
SPLDs that provides more capacity for larger logic designs. 


After completing this section, you should be able to 


= Describe SPLD operation ® Show how a sum-of-products expression is implemented 
ina PAL or GAL ® Explain simplified PAL/GAL logic diagrams ™ Describe a basic 
PAL/GAL macrocell ™ Discuss the PALI6V8 and the GAL22V10 ® Describe a basic 
CPLD 





SPLD: The PAL 


A PAL (programmable array logic) consists of a programmable array of AND gates that 
connects to a fixed array of OR gates. Generally, PALs are implemented with fuse process 
technology and are, therefore, one-time programmable (OTP). 

The PAL structure allows any sum-of-products (SOP) logic expression with a defined 
number of variables to be implemented. As you have learned, any combinational logic 
function can be expressed in SOP form. A simple PAL structure is shown in Figure 11-1 
for two input variables and one output; most PALs have many inputs and many outputs. 
As you learned in Chapter 3, a programmable array is essentially a grid or matrix of con- 
ductors that form rows and columns with a programmable link at each cross point. Each 
programmable link, which is a fuse in the case of a PAL, is called a cell, Each row is con- 
nected to the input of an AND gate, and each column is connected to an input variable or 
its complement. By programming the presence or absence of a fuse connection, any com- 
bination of input variables or complements can be applied to an AND gate to form any 
desired product term. The AND gates are connected to an OR gate, creating a sum-of- 
products (SOP) output. 
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Implementing a Sum-of-Products Expression An example of a simple PAL is pro- 
grammed as shown in Figure | 1—2 so that the product term AB is produced by the top AND 
gate, AB is produced by the middle AND gate, and AB is produced by the bottom AND 
gate. As you can see, the fuses are left intact to connect the desired variables or their com- 
plements to the appropriate AND gate inputs. The fuses are opened where a variable or its 
complement is not used in a given product term. The final output from the OR gate is the 
SOP expression, 


X=AB+AB+AB 


A A B B <@ FIGURE 11-2 


PAL implementation of a sum-of- 
products expression. 


X =AB+AB+AB 





_SPLD: The GAL 


The GAL is essentially a PAL that can be reprogrammed. It has the same type of 
AND/OR organization that the PAL does. The basic difference is that a GAL uses a re- 
programmable process technology, such as EEPROM (E*CMOS), instead of fuses, as 
shown in Figure 11-3. 


A A B B «@ FIGURE 11-3 
Simplified GAL array. 
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Input 
buffer 


Product 
term lines 


EXAMPLE 11-1 





Simplified Notation for PAL/GAL Diagrams 


Actual PAL and GAL devices have many AND and OR gates in addition to other elements 
and are capable of handling many variables and their complements. Most PAL and GAL di- 
agrams that you may see on a data sheet use simplified notation, as illustrated in Figure 
11-4, to keep the schematic from being too complicated. 


Input lines 


Fixed connection 


Single line with slash represents multiple 
AND gate inputs. (In this case, 2 inputs) 


X=AB+AB+AB 


Fuse blown Fuse intact 
(no connection) (connection) 


Solution 


A FIGURE 11-4 
A portion of a programmed PAL/GAL. 


The input variables to a PAL or GAL are usually buffered to prevent loading by a large 
number of AND gate inputs to which they are connected. On the diagram, the triangle sym- 
bol represents a buffer that produces both the variable and its complement. The fixed con- 
nections of the input variables and buffers are shown using standard dot notation. 

PALs and GALs have a large number of programmable interconnection lines, and each 
AND gate has multiple inputs. Typical PAL and GAL logic diagrams represent a multiple- 
input AND gate with an AND gate symbol having a single input line with a slash and a digit 
representing the actual number of inputs. Figure | 1—4 illustrates this for the case of 2-input 
AND gates. 

Programmable links in an array are indicated in a diagram by a red X at the cross point 
for an intact fuse or other type of link and the absence of an X for an open fuse or other type 
of link. In Figure 11-4, the 2-variable logic function AB + AB + AB is programmed. 


Show how a PAL is programmed for the following 3-variable logic function: 


X= ARC + ABC TAR + AC 


The programmed array is shown in Figure 1 1—5. The intact fusible links are indicated 
by small red Xs. The absence of an X means that the fuse is open. 
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A FIGURE 11-5 


X = ABC + ABC + AB + AC 
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Related Problem“ Write the expression for the output if the fusible links connecting input A to the top 


row and to the bottom row in Figure 1 1—5 are also opened. 


* Answers are at the end of the chapter. 





PAL/GAL General Block Diagram 


A block diagram of a PAL or GAL is shown in Figure 11—6. Remember, the basic differ- 
ence is that a GAL has a reprogrammable array and the PAL is one-time programmable. 
The programmable AND array outputs go to fixed OR gates that are connected to additional 
output logic. An OR gate combined with its associated output logic is typically called a 
macrocell. The complexity of the macrocell depends on the particular device, and in GALs 
it is often reprogrammable. 


-Macrocells 


A macrocell generally consists of one OR gate and some associated output logic. The 
macrocells vary in complexity, depending on the particular type of PAL or GAL. A 
macrocell can be configured for combinational logic, registered logic, or a combina- 
tion of both. Registered logic means that there is a flip-flop in the macrocell to pro- 
vide for sequential logic functions. The registered operation of macrocells is covered 
in Section 11-4. 

Figure | 1—7 illustrates three basic types of macrocells with combinational logic. Part (a) 
shows a simple macrocell with the OR gate and an inverter with a tristate control that can make 
the inverter like an open circuit to completely disconnect the output. The output of the tristate 
inverter can be either LOW, HIGH, or disconnected. Part (b) is a macrocell that can be either 
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>» FIGURE 11-6 





General block diagram of a PAL or 
GAL. 


O2 


Om 





an input or an output. When the output is used as an input, the tristate inverter is disconnected, 
and the input goes to the buffer that is connected to the AND array. Part (c) is a macrocell that 
can be programmed to have either an active-HIGH or an active-LOW output, or it can be used 
as an input. One input to the exclusive-OR (XOR) gate can be programmed to be either HIGH 





Tristate control From AND KJ Input/Output (I/O) 





gate array 
From AND 0 
gate array eee 
(a) Combinational output (active-LOW). An active-HIGH (b) Combinational input/output (active-LOW) 


output would be shown without the bubble on the tristate 
gate symbol. 





From AND 
gate array VD a > . Input/Output (I/O) 
es iable 
Fy ae 


a 


(c) Programmable polarity output 
A FIGURE 11-7 
Basic types of PAL/GAL macrocells for combinational logic. 
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or LOW. When the programmable XOR input is HIGH, the OR gate output is inverted be- 
cause 0 ® | = 1 and 1 © 1 = 0. Similarly, when the programmable XOR input is LOW, the 
OR gate output is not inverted because 0 ® 0 = 0 and 1@0 = 1. 


“Specific SPLDs 


Generally, SPLD package configurations range from 20 pins to 28 pins. Two factors that 
you can use to help determine whether a certain PAL or GAL is adequate for a given 
logic design are the number of inputs and outputs and the number of equivalent gates or 
density. Other parameters to consider are the maximum operating frequency, delay 
times, and dc supply voltage. Lattice, Actel, Atmel, and Cypress are among several com- 
panies that produce SPLDs. Various SPLD manufacturers may have different ways of 
defining density, so you have to use the specified number of equivalent gates with this 
in mind. 

The 16V8 and the 22V10 are common types of PALs and GALs. The device designation 
indicates the number of inputs, the number of outputs, and the type of output logic. For ex- 
ample, 16V8 means that the device has sixteen inputs, eight outputs, and the outputs are 
variable (V). The letter L or H means the output is active-LOW or active-HIGH, respectively. 
The block diagram for a PAL16V8 and a typical SPLD package are shown in Figure 11-8. 
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<< FIGURE 11-8 


Logic block diagram of a PAL16V8 


and typical SPLD package. 
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Each macrocell has eight inputs from the AND gate array, so you can have up to eight prod- 
uct terms for each output. There are ten dedicated inputs (1), two dedicated outputs (QO), and 
six pins that can be used as either inputs or outputs (I/O). Each output is active-LOW. The 
PAL16V8 has a density of approximately 300 equivalent gates. 

A block diagram for a GAL22V10 and a typical SPLD package are shown in Fig- 
ure 11-9. This device has twelve dedicated inputs and ten pins that can be either inputs 
or outputs. The macrocells have inputs from the AND array that vary from eight to six- 
teen, as indicated by the simplified notation. The GAL22V10 has a density of approxi- 
mately 500 equivalent gates. 


ar pee sahee 
Il cee 
FESS 
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4 FIGURE 11-9 





Block diagram of the GAL22V10 and typical SPLD package. 
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The CPLD 


A CPLD (complex programmable logic device) consists basically of multiple SPLD arrays 
with programmable interconnections, as illustrated in Figure 11-10. Although the way 
CPLDs are internally organized varies with the manufacturer, Figure 11—10 represents a 
generic CPLD. We will refer to each SPLD array in a CPLD as a LAB (logic array block). 
Other designations are sometimes used, such as function block, logic block, or generic 
block. The programmable interconnections are generally called the PJA (programmable in- 
terconnect array) although some manufacturers, such as Xilinx, use the term AJM (ad- 
vanced interconnect matrix) or a similar designation. The LABs and the interconnections 
between LABs are programmed using software. A CPLD can be programmed for complex 
logic functions based on the SOP structure of the individual LABs (actually SPLDs). In- 
puts can be connected to any of the LABs, and their outputs can be interconnected to any 









other LABs via the PIA. 
<< FIGURE 11-10 
Basic block diagram of a generic 
a : CPLD. 
Logic array eaa==p> Logic array 
VO <=» block (LAB) block (LAB) —5 1/0 
SPLD SPLD 
Logic array mum Logic array 
VO <=> block (LAB) a block (LAB) <=» 1/0 
SPLD SPLD 
Logic array ==> Logic array 
VO 6 block (LAB) block (LAB) Sx vO 
SPLD : SPLD 
l | 
| | 
| | 
| | 
| | 
Logic array =/\ Logic array 
VO <==» block (LAB) : block (LAB) <=) 1/9 
SPLD SPLD 


Most programmable logic manufacturers make a series of CPLDs that range in density, 
process technology, power consumption, supply voltage, and speed. Manufacturers usually 
specify CPLD density in terms of macrocells or logic array blocks. Densities can range 
from tens of macrocells to over 2000 macrocells in packages with up to several hundred 
pins. As PLDs become more complex, maximum densities will increase. Most CPLDs are 
reprogrammable and use EEPROM or SRAM process technology for the programmable 
links. Power consumption can range from a few milliwatts to a few hundred milliwatts. DC 
supply voltages are typically from 2.5 V to 5 V, depending on the specific device. 

Several manufacturers, (for example, Altera, Xilinx, Lattice, and Cypress) produce 
CPLDs. In this chapter, we will focus on Altera and Xilinx products because they are 
two of the major companies in the market. The other companies offer similar devices 
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[section 11-1 
| TREVIEW 


Answers are at the end of the 
| chapter. 


and software, and you can easily make a transition to other products once you are fa- 
miliar with one or two. As you will learn, CPLDs and other programmable logic devices 
are really a combination of hardware and software. 


: 
1. What does PAL stand for? 
2. What does GAL stand for? | 
3. What is the difference between a PAL and a GAL? | | 
4. Basically, what does a macrocell contain? | 
5. What is a CPLD? 


WD Actera CPLDs 


Altera produces several families of CPLDs including the MAX II, the MAX 3000, and 
the MAX 7000 family. In this section, the focus is mainly on the MAX 7000 to 
illustrate the concepts of traditional CPLD architecture, keeping in mind that other 
series may vary somewhat in architecture and/or in parameters such as density, process 
technology, power consumption, supply voltage, and speed. 


After completing this section, you should be able to 


= Describe a typical MAX family CPLD ® Discuss the basic architecture of the MAX 
7000 and the MAX II CPLDs ® Explain how product terms are generated in CPLDs 


MAX 7000 CPLD 


The architecture of a CPLD is the way in which the internal elements are organized and 
arranged. The architecture of the MAX 7000 family is similar to the block diagram of a 
generic CPLD (shown in Figure 1 1-10). It has the classic PAL/GAL structure that produces 
SOP functions. The density ranges from 2 LABs to 16 LABs, depending on the particular 
device in the series. Remember, a LAB is roughly equivalent to one SPLD, and package 
sizes vary from 44 pins to 208 pins. The MAX 7000 series of CPLDs uses the EEPROM- 
based process technology. In-system programmable (ISP) versions use the JTAG standard 
interface. 

Figure 11-11 shows a general block diagram of the Altera MAX 7000 series CPLD. 
Four LABs are shown, but there can be up to sixteen, depending on the particular device in 
the series. Each of the four LABs consists of sixteen macrocells, and multiple LABs are 
linked together via the PIA, which is a programmable global (goes to all LABs) bus struc- 
ture to which the general-purpose inputs, the I/Os, and the macrocells are connected. 


The Macrocell A simplified diagram of a MAX 7000 series macrocell is shown in Figure 
11-12. The macrocell contains a small programmable AND array with five AND gates, an 
OR gate, a product-term selection matrix for connecting the AND gate outputs to the OR 
gate, and associated logic that can be programmed for input, combinational logic output, or 
registered output. This macrocell is covered in more detail in Section 11-4. 

Although based on the same concept, this macrocell differs somewhat from the macro- 
cell discussed in Section 11-1 in relation to SPLDs because it contains a portion of the 


General-purpose inputs 
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& FIGURE 11-11 
Basic block diagram of the Altera MAX 7000 series CPLD. 


programmable AND array and a product-term selection matrix. As shown in Figure 
11-12, five AND gates feed product terms from the PIA into the product-term selection 
matrix. The product term from the bottom AND gate can be fed back inverted into the pro- 
grammable array as a shared expander for use by other macrocells. The parallel expander 
inputs allow borrowing of unused product terms from other macrocells to expand an SOP 
expression. The product-term selection matrix is an array of programmable connections 
that is used to connect selected outputs from the AND array and from the expander inputs 
to the OR gate. 


Shared Expanders A complemented product term that can be used to increase the num- 
ber of product terms in an SOP expression is available from each macrocell in a LAB. 
Figure 11—13 illustrates how a shared expander term from another macrocell can be used 
to create additional product terms. In this case, each of the five AND gates in a macrocell ar- 
ray is limited to four inputs and, therefore, can produce up to a 4-variable product term, as il- 
lustrated in part (a). Figure 1 1—13(b) shows the expansion to two product terms. 
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Associated To VO 
logic control 
block 







| expander 








36 lines from PIA 15 expander 
product terms 
from other 
macrocells 


A FIGURE 11-12 
Simplified diagram of a macrocell in a MAX 7000 series CPLD. 


>» FIGURE 11-13 
Example of how a shared expander ABC(E + F) = ABCE + ABCF 


can be used in a macrocell to 


increase the number of product : | 
C ABCD 
terms. D 


EF Product term from another 
macrocell in same LAB 





(a) A 4-input AND array gate can produce (b) AND gate is expanded to produce two product terms. 
one 4-variable product term. 


Each MAX 7000 macrocell can produce up to five product terms generated from its AND 
array. If a macrocell needs more than five product terms for its SOP output, it can use an ex- 
pander term from another macrocell. Suppose that a design requires an SOP expression that 
contains six product terms. Figure 1 1—14 shows how a product term from another macrocell 
can be used to increase an SOP output. Macrocell 2, which is underutilized, generates a 
shared expander term (£ + F) that connects to the fifth AND gate in macrocell | to produce 
an SOP expression with six product terms. The red Xs and lines represent the connections 
produced in the hardware by the software compiler running the programmed design. 


Parallel Expanders Another way to increase the number of product terms for a macrocell 
is by using parallel expanders in which additional product terms are ORed with the terms 
generated by a macrocell instead of being combined in the AND array, as in the shared ex- 
pander. A given macrocell can borrow unused product terms from neighboring macrocells 
(up to five product terms from three other macrocells for the MAX 7000). The basic con- 
cept is illustrated in Figure 11-15 where a simplified circuit that can produce two product 
terms borrows three additional product terms. 
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att | | as eet |) —— ABcD + ABCD + ABCD 
etek | Se eso Fs aes + ABCD + ABCE + ABCF 
as bet a | | =] | Product-term Expander terms 
a selection 
| _ me 
ott — 
ABCD + ABCD + ABCD 
Product-term 
selection 
matrix 
YN --- Expander term £ + F 
es to Macrocell | 
A B Cc D i F 
A FIGURE 11-14 
Simplified illustration of using a shared expander term from another macrocell to increase an SOP 
expression. 
ABCD + ABCD + EFGH ~— Parallel expander terms <@ FIGURE 11-15 
A Basic concept of the parallel 
B expander. 
C P 
D 
ABCD + EFGH + ABCD + ABCD + EFGH 
E 
F 
G 
H 





Figure 11—16 shows how one macrocell can borrow parallel expander terms from an- 
other macrocell to increase the SOP output. Macrocell 2 uses three product terms from 
macrocell | to produce an eight-term SOP expression. The red Xs and lines represent the 
connections produced in the hardware by the software compiler running the programmed 
design. 
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A FIGURE 11-16 


Simplified illustration of using parallel expander terms from another macrocell to increase an SOP 


expression. 


~The MAX II CPLD 


The architecture of the MAX II CPLD differs dramatically from the MAX 7000 family 
and is what Altera calls a “post-macrocell’” CPLD. As shown by the block diagram in 
Figure 11-17, this device contains logic array blocks (LABs) each with multiple logic 
elements (LEs). An LE is the basic logic design unit and is analogous to the macrocell. 
The programmable interconnects are arranged in a row and column arrangement running 
between the LABs, and input/output elements (IOEs) are oriented around the perimeter. 
The architecture of this family of CPLDs is similar to that of FPGAs, which we discuss 
in Section 11—5. In fact, you could think of the MAX II as a low-density FPGA. 

A main difference between the MAX II CPLD and the classic SPLD-based CPLD is the 
way in which a logic function is developed. The MAX II uses look-up tables (LUT) instead 
of AND/OR arrays. An LUT is basically a type of memory that can be programmed to pro- 
duce SOP functions (discussed in more detail in Section 11-5). These two approaches are 
contrasted in Figure 11-18. 

As mentioned, the MAX II CPLD has a row/column arrangement of interconnects instead 
of the channel-type interconnects found in most classic CPLDs. These two approaches are con- 
trasted in Figure 11-19 and can be understood by comparing Figure 11-11 and Figure 11-17. 
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<< FIGURE 11-17 


Simplified block diagram of the 
MAX II CPLD. 
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«@ FIGURE 11-18 


MAX Il CPLDs have LUT logic. Classic 
CPLDs have AND/OR arrays. 





SOP SOP 
output output 
(a) Look-up table logic. A 1 is stored at (b) AND/OR array logic 
each product term address. 
LABs « FIGURE 11-19 
MAX II CPLDs have row/column 

= i interconnects. Classic CPLDs have 
Eg ES channel-type interconnects. 
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(a) Row/column interconnects (b) Channel-type interconnect 
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Most CPLDs use a nonvolatile process technology for the programmable links. MAX II, 
however, uses a SRAM-based process technology that is volatile—all programmed logic is 
lost when power is turned off. The memory embedded on the chip stores the program data 


using nonvolatile memory technology and reconfigures the CPLD on power up. 


1. What does LAB stand for? 

2. Describe a LAB in the MAX 7000 CPLD. 

3. What is the purpose of a shared expander? 
4. What is the purpose of a parallel expander? 
5 


W753) xitinx CPLDs 


AA BB 
(a) PAL-type array 


Xilinx, like Altera, makes a series of CPLDs that range in density, process technology, 
power consumption, supply voltage, and speed. Xilinx produces several families of 
CPLDs including CoolRunner I, CoolRunner XPLA3, and the XC9500. The XC9500 is 
similar in architecture to the Altera MAX 7000 CPLD family and exhibits the classic 
PAL/GAL structure. In this section, we will focus on only the CoolRunner IJ to illustrate 
the concepts, keeping in mind that other series may vary somewhat in architecture, 
and/or in the parameters previously mentioned. This family of CPLDs is in-system 
programmable and JTAG compliant. 


After completing this section, you should be able to 


= Describe a PLA and compare to a PAL ® Discuss the architecture of the 
CoolRunner II CPLD ® Describe a functional block 


PLA (Programmable Logic Array) 


As you have learned, the architecture of a CPLD is the way in which the internal elements 
are organized and arranged. The architecture of the Xilinx CoolRunner II family is based 
on a PLA (programmable logic array) structure rather than on a PAL (programmable array 
logic) structure. Figure 11—20 compares a simple PAL structure with a simple PLA struc- 
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AB+AB 
AB+AB 


AB +AB 
AB+AB 
(b) PLA-type array 
A FIGURE 11-20 


Comparison of a basic PLA to a basic PAL. 
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ture. As you know, the PAL has a programmable AND array followed by a fixed OR array 
and produces an SOP expression, as shown by the example in Figure 11—20(a). The PLA 
has a programmable AND array followed by a programmable OR array, as shown by the 
example in Figure 1 1—20(b). 


~ CoolRunner II 


The CoolRunner II CPLD uses a PLA type structure. This device has multiple function 
blocks (FBs) that are analogous to the LABs in the Altera MAX 7000 (Figure 11-11). 
Each function block contains sixteen macrocells, just as the LAB does. The function 
blocks are interconnected by an advanced interconnect matrix (AIM) that is analogous 
to the PIA in the MAX 7000. A basic architectural block diagram for the CoolRunner II 
is shown in Figure 11—21. As you can see, from a basic block diagram point of view, 
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A FIGURE 11-21 





Basic architectural block diagram of the Xilinx CoolRunner II CPLD. 
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there is not much difference between the Xilinx CPLD and the Altera CPLD; however, 
internally there are differences. 

The CoolRunner II series of CPLDs contains from 32 macrocells to 512 macrocells. 
Since there are sixteen macrocells per function block, the number of function blocks range 
from 2 to 32. A greatly simplified diagram of a function block (FB) is shown in Figure 
11-22. The programmable AND array has 56 AND gates, and the programmable OR array 
has 16 OR gates. With the PLA structure, any product term can be connected to any OR 
gate to create an SOP output. With maximum utilization, each FB can produce 16 SOP out- 
puts each with 56 product terms. This macrocell is covered in detail in Section 114. 
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& FIGURE 11-22 


Simplified diagram of a CoolRunner II function block (FB) with a PLA structure. 


EXAMPLE 11-2 


Show the programmed connections in the simplified FB of Figure 11—22 to produce 
the following SOP function from macrocell 1: ABCD + ABCD + ABCD and the 
following SOP function from macrocell 2: ABCD + ABCD + ABCD + ABCD. 


Solution The red Xs in Figure 11—23 indicate programmed connections in the AND and OR 


arrays. 


Related Problem How many SOP functions can be generated by the FB in Figure 11-23? 





MACROCELLS ® 623 


Product-term 
array 








ABCD + ABCD + ABCD + ABCD 
ABCD + ABCD + ABCD 


A FIGURE 11-23 





‘MACROCELLS 


CPLD macrocells were introduced in the previous sections for both Altera and 

Xilinx devices. Recall that a macrocell can be configured for combinational logic or Pb 
registered logic outputs and inputs by programming. The term registered refers to the 

use of flip-flops. In this section, you will learn about the typical macrocell, including 

the combinational and the registered modes of operation. Although macrocell 

architecture varies among different CPLDs, representative devices are used for ) TSE aca 
illustration. POT eile 


After completing this section, you should be able to 


= Describe the operation of an Altera MAX 7000 CPLD macrocell = Describe ie 
operation of a Xilinx CoolRunner II CPLD macrocell 
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Logic diagrams often use the symbol shown in Figure 11—24 to represent a multiplexer. 
In this case, the multiplexer has two data inputs and a select input that provides for pro- 
grammable selection; the select input is usually not shown on a logic diagram. 


D << FIGURE 11-24 
0 
Data inputs Data output Commonly used symbol for a 


a multiplexer. It can have any number 
of inputs. 


Select (0 selects Dp, 1 selects D,) 


The Altera MAX 7000 Macrocell 


Figure 11-25 shows the complete macrocell including the flip-flop (register). The XOR gate 
provides for complementing the SOP function from the OR gate to produce a function in 
POS form. A 1 on the top input of the XOR gate complements the OR output, and a 0 lets 
the OR output pass uncomplemented (in SOP form). MUX 1 provides for selection of either 
the XOR output or an input from the I/O. MUX 2 can be programmed to select either the 
global clock or a clock signal based on a product term. MUX 3 can be programmed to select 
either a HIGH (V<-) or a product-term enable for the flip-flop. MUX 4 can select the global 
clear or a product-term clear. MUX 5 is used to bypass the flip-flop and connect the combi- 
national logic output to the I/O or to connect the registered output to the I/O. The flip-flop 
can be programmed as a D, T (toggle), J-K, or S-R flip-flop. 


Global Global 


Parallel expanders clear clock 
from other 
macrocells 


From 
VO 


To /O 





MUX 4 


A FIGURE 11-25 
A macrocell in the Altera MAX 7000 family of CPLDs. 





The Combinational Mode When a macrocell is programmed to produce an SOP combi- 
national logic function, the logic elements in the data path are as shown in red in Figure 
11-26. As you can see, only one mux is used and the register (flip-flop) is bypassed. 
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A FIGURE 11-26 
A macrocell configured for generation of an SOP logic function. Red indicates data path. 


The Registered Mode Whenamacrocell is programmed for the registered mode with the 
SOP combinational logic output providing the data input to the register and clocked by the 
global clock, the elements in the data path are as shown in red in Figure 11—27. As you can 
see, four muxes are used and the register (flip-flop) is active. 


Global Global 

— Parallel expanders clear clock 
| fromother — 
| macrocells 









From 
MUX 5 VO 


36 lines 15 expander product 
from PIA terms from other 
macrocells 


4 FIGURE 11-27 





A macrocell configured for generation of a registered logic function. Red indicates data path. 
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_ The Xilinx CoolRunner Il Macrocell 


The macrocell in the CoolRunner II CPLD was introduced briefly in Section 11—3. Recall 
that this device uses a PLA architecture, where both the AND array and the OR array are 
programmable. Figure 11—28 shows the complete logic for this macrocell, including the 
flip-flop (register). The OR gate has multiple inputs from the AND array as indicated by the 
slash through the input line. 

The XOR gate provides for complementing the SOP function from the OR gate to pro- 
duce a function in POS form. A 1 on the bottom input of the XOR gate complements the 
OR output and a 0 lets the OR output pass uncomplemented (in SOP form). MUX 1 pro- 
vides for selection of SOP or POS logic outputs. MUX 2 provides for selection of either 
the XOR output or an input from the I/O. MUX 3 and MUX 4 can be programmed to se- 
lect one of the global clocks (GCKO, GCK1, or GCK2) or a clock signal based on a prod- 
uct term (CTC or PTC). CTC is a shared term and PTC is a locally generated term. MUX 
5 can be programmed to provide either polarity of the clock signal. The product term PTC 
is used to provide a clock enable to the flip-flop. MUX 6 can select one of four signals to 
set the flip-flop. These are PTA (locally generated product term), CTS (shared product 
term), GSR (global set/reset), and GND, which is normally selected when no active SET 
is required. MUX 7 provides the same functions to clear or reset the flip-flop as MUX 6. 
MUX 8 is used to bypass the flip-flop and connect the combinational logic output to the 
I/O or to connect the registered output to the I/O. The flip-flop can be programmed as a 
D, T (toggle), or as a latch. 
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A FIGURE 11-28 
A macrocell in the Xilinx CoolRunner II CPLD. 


The Combinational Mode When a macrocell is programmed to produce an SOP 
combinational logic function, the logic elements in the data path are as shown in red in 


Figure 11-29. As you can see, only two muxes are used and the register (flip-flop) is 
bypassed. 
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A macrocell configured for generation of an SOP logic function. Red indicates data path. 


The Registered Mode 


When a macrocell is programmed for the registered mode with the 


SOP combinational logic output providing the data input to the register and clocked by one 
of the global clocks, the elements in the data path are as shown in red in Figure 11—30. As 
you can see, five muxes are used and the register (flip-flop) is active. 
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A macrocell configured for generation of a registered logic function. Red indicates data path. 
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2. What are the two major modes of a macrocell? 
3. What does the term registered refer to? 


1. Explain the purpose of the XOR gate in the macrocell. 
4. Besides the OR gate, XOR gate, and flip-flop, what other logic element is | 
commonly used in a macrocell? 
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As you have learned, the classic CPLD architecture consists of PAL/GAL or PLA-type 
logic blocks with programmable interconnections. Basically, the FPGA (field- 
programmable gate array) differs in architecture, does not use PAL/PLA type arrays, and 
has much greater densities than CPLDs. A typical FPGA has many times more equivalent 
gates than a typical CPLD. The logic-producing elements in FPGAs are generally much 
smaller than in CPLDs, and there are many more of them. Also, the programmable 
interconnections are generally organized in a row and column arrangement in FPGAs. 


After completing this section, you should be able to 


= Describe the basic structure of an FPGA ® Compare an FPGA toa CPLD ® Discuss 
LUTs ® Discuss the SRAM-based FPGA ® Define the FPGA core 


The basic concept of an FPGA was introduced in Chapter 1. The three basic elements in 
an FPGA are the configurable logic block (CLB), the interconnections, and the input/ 
output (I/O) blocks, as illustrated in Figure 11—31. The configurable logic blocks (CLBs) 
in an FPGA are not as complex as the LABs or FBs in a CPLD, but generally there are many 
more of them. When the CLBs are relatively simple, the FPGA architecture is called fine 
grained. When the CLBs are larger and more complex, the architecture is called coarse 
grained. The I/O blocks around the perimeter of the structure provide individually selec- 
table input, output, or bidirectional access to the outside world. The distributed matrix of 
programmable interconnections provide for interconnection of the CLBs and connection to 
inputs and outputs. Large FPGAs can have tens of thousands of CLBs in addition to mem- 
ory and other resources. 

Most programmable logic manufacturers make a series of FPGAs that range in density, 
power consumption, supply voltage, speed, and to some degree vary in architecture. FPGAs 
are reprogrammable and use SRAM or antifuse process technology for the programmable 
links. Densities can range from hundreds of logic modules to approximately 180,000 logic 
modules in packages with up to over 1,000 pins. DC supply voltages are typically 1.2 V to 
2.5 V, depending on the specific device. 





Configurable Logic Blocks 


Typically, an FPGA logic block consists of several smaller logic modules that are the basic 
building units, somewhat analogous to macrocells ina CPLD. Figure | 1-32 shows the fun- 
damental configurable logic blocks (CLBs) within the global row/column programmable 
interconnects that are used to connect logic blocks. Each CLB is made up of multiple 


smaller logic modules and a local programmable interconnect that is used to connect logic 
modules within the CLB. 
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A FIGURE 11-31 
Basic structure of an FPGA. CLB is configurable logic block. 
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Logic Modules A logic module in an FPGA logic block can be configured for combi- 
national logic, registered logic, or a combination of both. A flip-flop is part of the asso- 
ciated logic and is used for registered logic. (Flip-flops were covered in Chapter 7.) A 
block diagram of a typical LUT-based logic module is shown in Figure 11—33. As you 
know, an LUT (look-up table) is a type of memory that is programmable and used to 
generate SOP combinational logic functions. The LUT essentially does the same job as 
the PAL or PLA does. 


» FIGURE 11-33 


Basic block diagram of a logic Ao 


module in an FPGA. A, 
Ay V/O 
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Generally, the organization of an LUT consists of a number of memory cells equal to 
2", where n is the number of input variables. For example, three inputs can select up to 
eight memory cells, so an LUT with three input variables can produce an SOP expres- 
sion with up to eight product terms. A pattern of 1s and Os can be programmed into the 
LUT memory cells, as illustrated in Figure 11—34 for a specified SOP function. Each 1 
means the associated product term appears in the SOP output, and each 0 means that the 
associated product term does not appear in the SOP output. The resulting SOP output 
expression is 


A,A, Ap + ArAAy + ArAjAn + ArAjAo 
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: EXAMPLE 11-3 
Show a basic 3-variable LUT programmed to produce the following SOP function: 


A,A,Ay + ArA;Ay + ArAAy + AAs Ay + ArA 1A 


Solution A 1 is stored for each product term in the SOP expression, as shown in Figure 11-35. 
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Related Problem How many memory cells would be in an LUT with four input variables? What would 
be the maximum possible number of product terms in the SOP output? 





_SRAM-Based FPGAs 


FPGAs are either nonvolatile because they are based on antifuse technology or they are 
volatile because they are based on SRAM technology. The term volatile means that all the 
data programmed into the configurable logic blocks are lost when power is turned off. 
Therefore, SRAM-based FPGAs include either a nonvolatile configuration memory em- 
bedded on the chip to store the program data and reconfigure the device each time power 1s 
turned back on or they use an external memory with data transfer controlled by a host 
processor. The concept of on-the-chip memory is illustrated in Figure 1 1—36(a). The con- 
cept of the host processor configuration is shown in part (b). 





_FPGA Cores 


FPGAs, as we have discussed, are essentially like “blank slates” that the end user can program 
for any logic design. FPGAs are available that also contain hard-core logic. A hard core is a 
portion of logic in an FPGA that is put in by the manufacturer to provide a specific function 
and that cannot be reprogrammed. For example, if a customer needs a small microprocessor 
as part of a system design, it can be programmed into the FPGA by the customer or it can be 
provided as hard core by the manufacturer. If the embedded function has some programmable 
features, it is known as a soft-core function. An advantage of the hard-core approach is that 
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>» FIGURE 11-36 


Basic concepts of volatile FPGA 
configurations. 


- eer CLBs on 


Programming atile ra Ec power up or reset 
data € 10n emma a — 





(a) Volatile FPGA with on-the-chip nonvolatile configuration memory 


Host 
processor 












Programming 


a Homolanic a Volatile 
data G : FPGA 






(b) Volatile FPGA with on-board memory and host processor 


the same design can be implemented using much less of the available capacity of the FPGA 
than if the user programmed it in the field, resulting in less space on the chip (“‘real estate”’) and 
less development time for the user. Also, hard-core functions have been thoroughly tested. The 
disadvantage of the hard core is that the specifications are fixed during manufacturing and the 
customer must be able to use the hard-core logic “as is.” It cannot be changed later. 

Hard cores are generally available for functions that are commonly used in digital sys- 
tems, such as a microprocessor, standard input/output interfaces, and digital signal proces- 
sors. More than one hard-core function can be programmed in an FPGA. Figure 11—37 
illustrates the concept of a hard core surrounded by configurable logic programmed by the 
user. This is a basic embedded system because the hard-core function is embedded in the 
user-programmed logic. 
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4 FIGURE 11-37 


Basic idea of a hard-core function embedded in an FPGA. 
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Hard core designs are generally developed by and are the property of the FPGA man- 
ufacturer. Designs owned by the manufacturer are termed intellectual property (IP). A 
company usually lists the types of intellectual property that are available on its website. 
Some intellectual properties are a mix of hard core and soft core. A processor that has 
some flexibility in the selection and adjustment of certain parameters by the user is an 
example. 

Those FPGAs containing either or both hard-core and soft-core embedded processors 
and other functions are known as platform FPGAs because they can be used to implement 
an entire system without the need for external support devices. 


. What does CLB stand for? 
. Describe an LUT and discuss its purpose. 


Bm Ww HN = 


. What is the difference between a local interconnect and a global interconnect in 
an FPGA? 


. What is an FPGA core? 


6. Define the term intellectual property in relation to an FPGA manufacturer. 


WI 


[section 11-5 
REVIEW . How does an FPGA differ from a CPLD? | 
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W126 ALTERA FPGAs 


Altera produces several families of FPGAs including the Stratix II, the Stratix, Cyclone, 
and the ACEX family. In this section, we will focus on only the Stratix II to illustrate the 
concepts, keeping in mind that other devices in the family may differ basically in certain 
aspects of their architecture, and/or in the parameters such as densities, speed, and power. 


After completing this section, you should be able to 


m Discuss the basic architecture of a typical Stratix II family FPGA ® Explain how 
product terms are generated in FPGAs ® Discuss embedded functions 


_ The Logic Array Block (LAB) 


The block diagram of a generic FPGA was shown in Figure 11-31; the architecture of the 
Stratix Il family and other Altera families is similar. They have the classic LUT structure 
for the logic modules, called adaptive logic modules (ALMs) by Altera, that produce SOP 
functions. Altera also calls the configurable logic blocks, shown in the generic device, logic 
array blocks (LABs). The density ranges from almost 2000 LABs to over 22,000 LABs, de- 
pending on the particular device in the family; and each LAB has eight ALMs. Package 
sizes vary from 341 pins to 1,173 pins. Devices requiring dc supply voltages of 1.2 V, 1.5 
V, and 2.5 V are typically available. The Stratix II family of FPGAs uses the SRAM-based 
process technology. 

Figure 11-38 is a simplified diagram of the Stratix II LAB structure. Each LAB consists 
of eight ALMs; multiple LABs are linked together via the global row and column inter- 
connects. The local interconnect links the ALMs within each LAB. 
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» FIGURE 11-38 


Simplified diagram of the Stratix II 
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modules. 


» FIGURE 11-39 


Simplified diagram of a Stratix II 
adaptive logic module (ALM). 
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The Adaptive Logic Module (ALM) 


The ALM is the basic design unit in the Stratix II FPGA. Each ALM contains an LUT-based 
combinational logic section and associated logic that can be programmed for two combi- 
national logic outputs or registered outputs. Also, the ALM has adder logic, flip-flops, and 
other logic that allows for the implementation of arithmetic, counter, and shift register func- 
tions. A simplified diagram of a Stratix II ALM is shown in Figure 11-39. 


Operating Modes of an ALM An ALM can be programmed for the following modes of 
operation: 


= Normal mode 
= Extended LUT mode 
» Arithmetic mode 
» Shared arithmetic mode 
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In addition to these four modes, an ALM can be utilized as a register chain to create coun- 
ters and shift registers. In this section, we will discuss the normal mode and the extended 
LUT mode. 

The normal mode is used primarily for generating combinational logic functions. An 
ALM can implement one or two combinational output functions with its two LUTs. Ex- 
amples of four LUT configurations are illustrated in Figure 11-40. Two SOP functions, 
each with four variables or less, can be implemented in an ALM without sharing inputs. For 
example, you can have two 4-variable functions, one 4-variable function and one 3-variable 
function or two 3-variable functions. By sharing inputs, you can have any combination of 
a total of eight inputs up to a maximum of six inputs for each LUT. In the normal mode, 
you are limited to 6-variable SOP functions. 


«@ FIGURE 11-40 


Examples of possible LUT 
configurations in an adaptive logic 
module (ALM) in the normal mode. 





The extended LUT mode allows expansion to a 7-variable function, as illustrated in 
Figure 11-41. The multiplexer formed by the AND-OR circuit with a complemented input 
is part of the dedicated logic in an ALM. 


<< FIGURE 11-41 


Expansion of an ALM to produce a 
7-variable SOP function in the 
extended LUT mode. 
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EXAMPLE 11-4 
An ALM ina Stratix II FPGA is configured in the extended LUT mode, as shown in 


Figure 11-42. For the specific LUT outputs shown, determine the final SOP output. 
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Solution The SOP output expression is as follows: 
AsAsAzA,A\Ag + AsAgA3 ArA Ay + AsAgdzArA Ap + ApAsAgdzArAg + AgAsAgAzArAo + AgAsAgAzArAo 


Related Problem Show an ALM configured in the normal mode to produce one SOP function with five 
product terms from one LUT and three product terms from the other LUT. 





_Embedded Functions 


A general block diagram of the Stratix IIT FPGA is shown in Figure 11-43. The FPGA con- 
tains embedded memory functions as well as digital signal processing (DSP) functions. 
DSP functions, such as digital filters, are commonly used in many systems. As you can see 
in the block diagram, the embedded blocks are arranged throughout the FPGA intercon- 
nection matrix and input/output elements (IOEs) are placed around the FPGA perimeter. 





SECTION 11-6 
REVIEW 1. What is the basic logic design unit in the Stratix Il FPGA? 


| 

| 

| 2. How many ALMs are there in a LAB? 

| 3. What produces combinational logic functions in an ALM? 

| 4. How many SOP functions can one ALM produce? 

| 5. Name the two types of embedded functions in the Stratix Il. 
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A FIGURE 11-43 
Stratix Il block diagram. 


WT xiinx FPGAs 


Xilinx has two major lines of FPGAs, the Spartan and the Virtex, and there are 
different families within each line. Examples are the Spartan 3 and Spartan HE, Virtex-4, 
Virtex I, Virtex II Pro, and Virtex IJ Pro X. Xilinx designates the Virtex II, Virtex II 
Pro, and Virtex I Pro X as platform FPGAs because they have embedded functions, 
such as memories, processors, transceivers, and other hard and soft IP cores. The 

PGA families differ generally in density and performance parameters. Most of the 
Xilinx devices have a traditional FPGA architecture; however, the Virtex II Pro X has 
what is called Application Specific Modular Block, ASMBL™ (pronounced assemble) 
architecture with over a billion transistors in a single device. 


After completing this section, you should be able to 


m Describe a typical Virtex family FPGA ® Discuss the basic Virtex architecture 
= Explain how product terms are generated by an FPGA ® Describe the ASMBL 
architecture 
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Configurable Logic Blocks 


The configurable logic area (called FPGA fabric) of most Xilinx FPGAs is divided into con- 
figurable logic blocks (CLBs) with each CLB containing multiple basic logic units called 
logic cells (LCs). Each logic cell is based on traditional 4-input LUT logic plus additional 
logic and a flip-flop. A 4-input LUT can produce from one product term to an SOP func- 
tion with sixteen product terms. Two identical logic cells are called a slice. Figure 1 1—44 il- 
lustrates the levels of configurable logic from the logic cell to the CLB. Densities range 
from around 2000 to over 74,000 logic cells in a single Virtex device. 
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A FIGURE 11-44 
Simplified CLB in a Virtex FPGA. 





- SOP Cascade Chains 


XILINX FPGAs 


A simplified slice (two logic cells) with cascade chain logic is shown in Figure 11-45. 
There is a dedicated multiplexer (MUX) within the associated logic of each LC that can 
be used in the cascade chain and a dedicated OR gate within each slice. Figure 11—45(a) 
shows an example of how one slice in a CLB can be configured as an AND gate to pro- 
duce an 8-variable product term. Two slices can be configured to produce an SOP function 
with two 8-variable product terms, as shown in part (b). An entire CLB of four slices can 
be configured in a cascade chain to produce an SOP function with four 8-variable product 
terms, as shown in part (c) on the next page. Further SOP expansion can be done using ad- 


ditional CLBs. 
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Example of using cascade chains for expansion of an SOP function. 
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Show how a 16-input AND gate can be implemented in a CLB. 


Two slices configured as shown in Figure 11—46 result in a 16-input AND gate. 


Show how the two slices in Figure 11-46 could be configured to produce the SOP 
function, A7A¢AsA, a A3A,A,Ao <7 BiB ;BsB, gis B3B>B Bo. 
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Implementation of a 16-input AND gate to produce a product term with sixteen variables. 





_ Traditional FPGA Architecture vs. ASMBL Architecture 


As you have learned, the traditional FPGA architecture appears as an array of logic blocks 
(CLBs or LABs) surrounded by configurable input/output cells. The amount of config- 
urable logic (CLBs) in an FPGA depends on the number of I/O elements that can be phys- 
ically placed around the perimeter. When IP cores such as DSP and embedded memory are 
required, the amount of configurable logic must be sacrificed and at some point additional 
I/Os may be required. As more IP cores are added, the physical size of the FPGA must be 
increased to maintain the necessary configurable logic and to increase the number of I/Os. 
This general concept is illustrated in Figure 11-47. 

The more complex the logic on an FPGA, the more I/Os are required. The dependent re- 
lationship between logic and I/Os will result in an increase in chip size and cost. Also, an- 
other problem with platform FPGAs is that when additional embedded IP core functions 
are required, a major redesign or partial redesign in chip layout may be required, which is 
a very costly process. 


The ASMBL Architecture Xilinx created a flexible approach to platform FPGAs in the 
Virtex IJ Pro X devices in order to overcome some of the limitations of the traditional ar- 
chitecture. The Application Specific Modular Block (ASMBL) architecture is a column- 
based structure instead of the row/column structure. The I/Os are interspersed throughout 
rather than positioned around the perimeter, so their number can be increased without in- 
creasing chip size. Each column is essentially a strip of logic that can be replaced by an- 
other type of logic strip without redesigning the chip layout. Examples of the types of logic 
strips are configurable logic blocks (CLBs), I/O blocks (IOBs), memory, and hard and soft 
IP cores such as DSP and processor. 

Various numbers of each type of logic strip can be mixed to meet specific application re- 
quirements. For example, in the simplest configuration, you could have a mix of CLB strips 
and I/O block strips, as illustrated in Figure 11—48(a). More or fewer of either could be used 
depending on the requirements. If you require more memory, one or more CLB strips could 
be replaced, as indicated in part (b). If your specific area of application is digital signal pro- 
cessing, you could add DSP IP cores with a mix of memory, as shown in part (c). Part (d) 
shows the addition of processor cores. 


XILINX FPGAs 
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(a) FPGA with fully configurable logic (b) Same size FPGA with embedded memory and IP cores (DSP) 
results in fewer CLBs and is limited by the perimeter I/Os. 
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(c) FPGA with more embedded memory, additional DSP cores, and processor core will 
require a larger physical size at some point. 


A FIGURE 11-47 
Embedded IP functions (memory, DSP, and processor) result in less configurable logic and/or a larger 


physical chip size due to increased I/Os. 
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| SECTION 11-7 
| REVIEW 1. What does CLB in a Xilinx FPGA consist of? 


2. What does an LC consist of? | 


= 


| 3. Describe a slice in a Xilinx FPGA. 
| 4. What is an SOP cascade chain? 
| 5. What does ASMBL stand for? 
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(c) (d) 
+ FIGURE 11-48 
Basic concept of the ASMBL platform-FPGA architecture. 
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In order to be useful, programmable logic must have both hardware and software 
components combined into a functional unit. All manufacturers of SPLDs, CPLDs, and 
FPGAs provide software support for each hardware device. These software packages are 
in a category of software known as computer aided design (CAD). PLD programming 
was introduced in Chapter 1 and covered further in Chapter 3. In this section, 
programmable logic software is presented in a generic way. 


After completing this section, you should be able to 


= Explain the programming process in terms of design flow ™ Describe the design 
entry phase ™ Describe the functional simulation phase ™ Describe the synthesis phase 


= Describe the implementation phase ™ Describe the timing simulation phase = 
Describe the download phase 
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The programming process is generally referred to as design flow. A basic design flow dia- 
gram for implementing a logic design in a programmable device is shown in Figure 11-49. 
Most specific software packages incorporate these elements in one form or another and process 
them automatically. The device being programmed is usually referred to as the target device. 


» FIGURE 11-49 


General design flow diagram for 
programming a SPLD, CPLD, or 
FPGA. 









programming 
(downloading) — 


You must have four things to get started programming a device: a computer, develop- 
ment software, a programmable logic device (SPLD, CPLD, or FPGA), and a way to con- 
nect the device to the computer. These essentials are illustrated in Figure 11—50. Part (a) 
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(b) Software (CD or Website download) 





(c) Device 


4 FIGURE 11-50 


(d) Programming hardware (programming fixture or development board with cable for 
connection to computer port) 


Essential elements for programming an SPLD, CPLD, or FPGA. 


PROGRAMMABLE LOGIC SOFTWARE ® 645 


shows a computer that meets the system requirements for the particular software you are us- 
ing. Part (b) shows the software acquired either on a CD from the device manufacturer or 
downloaded from the device manufacturer’s website. Most manufacturers provide free soft- 
ware that can be downloaded and used for a limited time. Part (c) shows a programmable logic 
device. Part (d) illustrates two means of physically connecting the device to the computer via 
cable by using either the programming fixture into which the device is inserted or the devel- 
opment board on which the device is mounted. After the software has been installed on your 
computer, you must become familiar with the particular software tools before attempting to 
connect and program a device. This learning process will require considerable effort and time. 


Design Entry 





Assume that you have a logic circuit design that you wish to implement in a programmable de- 
vice. You can enter the design on your computer in either of two basic ways: schematic entry 
or text entry. In order to use text entry, you must be familiar with an HDL such as VHDL, Ver- 
ilog, ABEL, or AHDL. Most programmable logic manufacturers provide software packages 
that support VHDL and Verilog because they are standard HDLs. Some also support ABEL, 
AHDL, or other proprietary HDLs. Schematic entry basically allows you to place symbols of 
logic gates and other logic functions from a library on the screen and connect them as required 
by your design. A knowlege of an HDL is not required for schematic entry. Figure 11—51 il- 
lustrates these two types of entry generically for a simple AND-OR logic circuit. 


|| File Edit View Project Assignments Processing Tools Window 


entity AND_OR is 
port (AO, Al, A2, A3: in bit; X: out bit); 
end entity AND_OR; 


architecture LogicFunction of AND_OR is 


begin 


X <= (AO and A1 and A2 and AS3) or 
(AO and not Ai and A2 and not A3); 
end architecture LogicFunction; 


(a) Text entry using VHDL to describe an AND-OR logic circuit 


| Graphic Editor 
| File Edit View Project Assignments Processing Tools Window 
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(b) Schematic entry of the same AND-OR logic circuit entered in (a) 








«@ FIGURE 11-51 


Examples of text and schematic entry 


screens. 
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» FIGURE 11-52 


Example of creating logic in 
segments and then combining the 
segments. 


Building a Logic Schematic When you enter a complete logic circuit on the screen, it 
is called a “flat” schematic. More complex logic circuits may be hard to fit onto the 
screen. You can enter a logic circuit in segments, save each segment as a block symbol, 
and then connect the block symbols to form the complete circuit. This is called a hierar- 
chical approach. 

As an example, let’s assume that you need a circuit that will produce the following SOP 
expression: 


Z = (AyAgAjA + AyAQAjA) + (AzA9A,Ap + A3A2A\Ay + AyAA)Ap) 


Let’s use the hierarchical approach and create the logic for each of the two parenthetical 
terms in the above equation; reduce each logic circuit to a single graphic block symbol; and 
then, when both circuits are complete, place them on the screen and connect their outputs 
to an OR gate. This is illustrated in the five parts of Figure 11—52. The entire circuit could 
be entered on the screen at one time, but the hierarchical approach is useful when the logic 
circuit is larger and must be broken down into parts. 

In part (e) of Figure 1 1—52, the logic could be reduced to another block symbol and used 
in an even larger logic design; or it could be saved and reused in other designs, as illustrated 
in Figure 11-53. 

After a logic circuit has been entered as a schematic, a program application called a 
compiler controls the various CAD tools that process the schematic and produces an im- 
plementation for the target device. 


| Graphic Editor 
i File Edit View Project Assignments Processing Tools Window 
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File Edit View Project Assignments Processing Tools Window 


Logicl 





(b) Reduce the AND-OR logic to a block symbol defined as Logicl. 
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<@ FIGURE 11-52 


File Edit View Project Assignments Processing Tools Window 


Continued 





(c) Enter the three-product term AND-OR logic. 





(d) Reduce to a block symbol defined as Logic2. 


| Graphic Editor 
| File Edit View Project Assignments Processing Tools Window 
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(e) Combine Logic] and Logic2 with an OR gate and connect common inputs. 
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» FIGURE 11-53 


The logic circuit with two logic 
blocks and an OR gate is reduced to 
another logic block, Logic3. 
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Functional Simulation 


The purpose of the functional simulation in the design flow is to make sure that the design 
you entered works as it should, in terms of its logic operation, before synthesizing into a 
hardware design. Basically, after a logic circuit is compiled, it then can be simulated by ap- 
plying input waveforms and checking the output for all possible input combinations using 
a waveform editor. 

The waveform editor allows you to select the nodes (inputs and outputs) that you want 
to test. The selected input and output names appear on the Waveform Editor screen along 
with a symbol or other designation that identifies each as an input or an output, as shown 
in Figure 11—54. Initially, all four inputs default to 0, and the crosshatch indicates the out- 
put is unknown. You can select the time intervals for the display. 

Next, you create each input waveform by entering a | or 0 for each time interval (inter- 
val between dashed lines in Figure 11-55). This is usually accomplished by a point, click, 
and select process with your mouse, depending on the specific software. For this particular 
case, you would create the waveforms so that all 16 possible combinations of 4 inputs are 
te Figure 11—55 shows the input waveforms (AO, A1, A2, A3) as they have been 
specified. 
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After you have specified the input waveforms, generally a simulation control window 
opens, allowing you to set the start and end times for the simulation and specify the time 
intervals to be displayed. When the simulation is started, the output waveform Z will be dis- 
played in the Waveform Editor, as shown in Figure 11-56. This allows you to verify that 
the design is good or that it is not working properly. In this case, the output waveform is 
correct for the selected input waveforms. An incorrect output waveform would indicate a 
flaw in the functionality of the logic; and you would have to go back, check the original de- 
sign, and then re-enter a revised design. 
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< FIGURE 11-54 


Generic Waveform Editor screen with 
input and output names specified for 


the circuit that was entered in Figure 


11-53. 


@ FIGURE 11-55 


Input waveforms are specified on the 
Waveform Editor screen. 


«@ FIGURE 11-56 


After the functional simulation is 
run, the output waveform should 
indicate that the logic is functioning 


properly. 
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(a) Original logic circuit 


_ Synthesis 


Once the design has been entered and functionally simulated to verify that its logic opera- 
tion is correct, the compiler automatically goes through several phases to prepare the de- 
sign to be downloaded to the target device. During the synthesis phase of the design flow, 
the design is optimized in terms of minimizing the number of gates, replacing logic ele- 
ments with other logic elements that can perform the same function more efficiently, and 
eliminating any redundant logic. The final output from the synthesis phase is a netlist that 
describes the optimized version of the logic circuit. 


Netlist A netlist is basically a connectivity list that describes components and how they are 
connected together. Generally, a netlist contains references to descriptions of the compo- 
nents or elements used. Each time a component, such as a logic gate, is used in a netlist, it is 
called an instance. Each instance has a definition that lists the connections that can be made 
to that kind of component and some basic properties of that component. These connection 
points are called ports or pins. Usually, each instance will have a unique name; for example, 
if you have two instances of AND gates, one might be “and1” and the other “and2.” Besides 
their names, they might otherwise be identical. Nets are the “wires” that connect things to- 
gether in the circuit. Net-based netlists usually describe all the instances and their attributes, 
then describe each net, and specify which port they are connected to on each instance. 

The AND-OR logic circuit that you entered in the design phase, shown in Figure 
11-57(a), could result in the optimized circuit shown in Figure | 1—57(b). In this illustra- 
tion, the compiler removed the three OR gates and replaced them with one 5-input OR gate. 
Also, two redundant inverters were removed. 
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(b) Logic circuit after synthesis 


4 FIGURE 11-57 
Example of logic optimization during synthesis. 


The synthesis software generates a netlist. To illustrate the concept of a generic netlist. Figure 
11—58(a) shows net assignments, instance assignments, and I/O assignments in red. The netlist 
shown in Figure 11—58(b) does not necessarily resemble any specific netlist format or syntax. 
This hypothetical netlist simply indicates the type of information that would be necessary to de- 
scribe a circuit. One format used for netlists is EDIF (Electronic Design Interchange Format). 


Implementation (Software) 


After the design has been synthesized, the compiler implements the design, which is basi- 
cally a “mapping” of the design so that it will fit in the specific target device based on its 
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(a) (b) 
A FIGURE 11-58 


Synthesis produces a netlist for the optimized logic circuit. 


architecture and pin configurations. This process is called fitting or place and routing. To 
accomplish the implementation phase of the design flow, the software must “know” about 
the specific device and have detailed pin information. Complete data on all potential target 
devices are generally stored in the software library. 


_ Timing Simulation 


This part of the design flow occurs after the implementation and before downloading to the tar- 
get device. The timing simulation verifies that the circuit works at the design frequency and that 
there are no propagation delays or other timing problems that will affect the overall operation. 
Since a functional simulation has already been done, the circuit should work properly from a 
logic point of view. The development software uses information about the specific target device, 
such as propagation delays of the gates, to perform a timing simulation of the design. For the 
functional simulation, the specification of the target device was not required; but for the timing 
simulation, the target device must be chosen. The Waveform Editor can be used to view the re- 
sult of the timing simulation just as with the functional simulation, as illustrated in Figure 11-59. 
If there are no problems with the timing, as shown in part (a), the design is ready to download. 
However, suppose that the timing simulation reveals a “glitch” due to propagation delay, as 
shown in Figure 11—59(b). A glitch is a very short duration spike in the waveform. In this event, 
you would need to carefully analyze the design for the cause, then re-enter the modified design, 
and repeat the design flow process. Remember, you have not committed the design to hardware 
at this point. 
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Hypothetical examples of timing 
simulation results. 
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(b) Timing problem 


Device Programming (Downloading) 


Once the functional and timing simulations have verified that the design is working prop- 
erly, you can initiate the download sequence. A bitstream is generated that represents the 
final design, and it is sent to the target device to automatically configure it. Upon comple- 
tion, the design is actually in hardware and can be tested in-circuit. Figure 11—60 shows the 
basic concept of downloading. 





A Real Estate Analogy 


One way to think of the implementation and downloading processes is to use a real estate 
development analogy. The developer starts with a tract of land, surveys it, and divides it into 
lots (analogous to an unprogrammed device). A site plan of the development with all the 
lots, buildings, roads, and utilities is conceived and laid out (analogous to design entry). 
Next, it is necessary to verify that the number of buildings and infrastructure will fit on the 
tract of land and meet all local codes. The site plan also shows the placement of each build- 
ing and shows the routing of each street and sidewalk (analogous to synthesis and imple- 
mentation). Not until this mapping has occurred can the developer begin physically 
constructing the buildings, roads, and utilities (analogous to downloading). This real estate 
analogy is illustrated in Figure 1 1—61(a). The process for placing a logic design into a pro- 
grammable device is depicted in part (b), where the mapping phase is analogous to the site 
plan and the downloading is analogous to placing physical structures on the site. 





Bitstream 


oo 


device 


A FIGURE 11-60 


Downloading a design to the target device. 





Site plan must be completed before the development is Physical structures are placed only after the site plan verifies if and how 
physically implemented. This is analogous to the implemen- everything will fit on the property. This is analogous to downloading the 
tation phase of the design flow for programmable logic. design into the target device. 

(a) 





Fitting the software design to the “map” of the target device. Downloading the design to the target device. (Analogous to placing physical 
(Analogous to site plan) structures) 
(b) 


A FIGURE 11-61 


Analogy of real estate development to implementing (site plan) and downloading (construction) a 
logic design to target device. 
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_ | sECTION 11-8 | | 
| | REVIEW 1. List the phases of the design flow for programmable logic. | 


| 2. List the essential elements for programming a CPLD or FPGA. 
| 3. What is the purpose of a netlist? 


4. Which comes first in the design flow, the functional simulation or the timing simulation? 
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11-9 BOUNDARY SCAN LOGIC 


Boundary scan is used for both the testing and the programming of the internal logic of a 
programmable device. The JTAG standard for boundary scan logic is specified by IEEE 
Std. 1149.1. Most programmable logic devices are JTAG compliant. In this section, the 
basic architecture of a JTAG IEEE Std. 1149.1 device is introduced and discussed in 
terms of the details of its boundary scan register and control logic structure. 


After completing this section, you should be able to 


= Describe the required elements of a JTAG compliant device ™ List the mandatory 
JTAG inputs and outputs ™ State the purpose of the boundary scan register ™ State 
the purpose of the instruction register ™ Explain what the bypass register is for 


IEEE Std. 1149.1 Registers 


All programmable logic devices that are compliant with IEEE Std. 1149.1 require the ele- 
ments shown in the simplified diagram in Figure 11-62. These are the boundary scan reg- 
ister, the bypass register, the instruction register, and the TAP (test access port) logic. A fifth 
register, the identification register, is optional and not shown in the figure. 


Boundary Scan (BS) Register The interconnected BSCs (boundary scan cells) form the 
boundary scan register. The serial input to the register is the TDI (test data in), and the se- 
rial output is TDO (test data out). Data from the internal logic and the input and output pins 
of the device can also be parallel shifted into the BS register. The BS register is used to test 
connections between PLDs and the internal logic that has been programmed into the device. 


Bypass (BP) Register This required data register (typically only one flip-flop) optimizes 
the shifting process by shortening the path between the TDI and the TDO in case the BS 
register or other data register is not used. 


Instruction Register This required register stores instructions for the execution of various 
boundary scan operations. 


Identification (ID) Register An identification register is an optional data register that is 
not required by IEEE Std. 1149.1. However, it is used in some boundary scan architectures 
to store a code that identifies the particular programmable device. 


IEEE Std. 1149.1 Boundary Scan Instructions 


Several standard instructions are used to control the boundary scan logic. In addition to 
these, other optional instructions are available. 


"= BYPASS This instruction switches the BP register into the TDI/TDO path. 


« EXTEST This instruction switches the BS register into the TDI/TDO path and 
allows external pin tests and interconnection tests between the output of one 
programmable logic device and the input of another. 
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TDI TMS TCK TRST TDO 


« INTEST This instruction switches the BS register into the TDI/TDO path and 
allows testing of the internal programmed logic. 


= SAMPLE/PRELOAD _ This instruction is used to sample data at the device input 
pins and apply the data to the internal logic. Also, it is used to apply data (preload) 
from the internal logic to the device output pins. 


« IDCODE _ This instruction switches the optional identification register into the 
TDI/TDO path so the ID code can be shifted out to the TDO. 


_JEEE Std. 1149.1 Test Access Port (TAP) 


The Test Access Port (TAP) consists of control logic, four mandatory inputs and outputs, 
and one defined optional input, Test Reset (TRST). 


« Test Data In (TDI) The TDI provides for serially shifting test and programming 
data as well as instructions into the boundary scan logic. 


« Test Data Out (TDO) The TDO provides for serially shifting test and 
programming data as well as instructions out of the boundary scan logic. 


«= Test Mode Select (TMS) ‘The TMS switches between the states of the TAP controller. 


« Test Clock (TCK) The TCK provides timing for the TAP controller which gener- 
ates control signals for the data registers and the instruction register. 





< FIGURE 11-62 


Greatly simplified diagram of a JTAG 


(IEEE Std. 1149.1) compliant 
programmable logic device (CPLD or 
FPGA). The BSCs (boundary scan 
cells) form the boundary scan 
register. Only a small number of BSCs 
are shown for illustration. 
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A block diagram of the boundary scan logic is shown in Figure | 1-63. Both instructions 
and data are shifted in on the TDI line. The TAP controller directs instructions into the in- 
struction register or data into the appropriate data register. A decoded instruction from the 
instruction decoder selects which data register is to be accessed via MUX 1 and also if an 
instruction or data are to be shifted out on the TDO line via MUX 2. Also, a decoded in- 
struction provides for setting up the boundary scan register in one of five basic modes. 
The boundary scan cell and its modes of operation are described next. 
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Data registers (optional) 


A FIGURE 11-63 


Boundary scan logic diagram. 


The Boundary Scan Cell (BSC) 


The boundary scan register is made up of boundary scan cells. A block diagram of a basic 
BSC is shown in Figure 11—64. As indicated, data can be serially shifted in and out of the 
BSC. Also, data can be shifted into the BSC from the internal programmable logic, from a 
device input pin, or from the previous BSC. Additionally, data can be shifted out of the BSC 
to the internal programmable logic, to a device output pin, or to the next BSC. 

The architecture of a generic boundary scan cell is shown in Figure 1 1—65. The cell con- 
sists of two identical logic circuits each containing two flip-flops and two multiplexers. Es- 
sentially, one circuit allows data to be shifted from the internal programmable logic or to a 
device output pin. The other circuit allows data to be shifted from a device input pin or to 
the internal programmable logic. 

There are five modes in which the BSC can operate in terms of data flow. The first BSC 
mode allows data to flow serially from the previous BSC to the next BSC, as illustrated in 
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Serial data out <@ FIGURE 11-64 


to next BSC A basic bidirectional BSC. 
SDO 


Data I/O 





SDI 


Serial data in 
from previous BSC 


Serial data out to 
next BSC 


SDO 





Capture register A Update register A 
SHIFT CLOCK UPDATE PDI/O 
SDI From TAP controller From decode of 


; : instruction register 
Serial data in from 


previous BSC 


& FIGURE 11-65 


Representative architecture of a typical boundary scan cell. 


Figure 11—66. A 1 on the SHIFT input selects the SDI. The data on the SDI line are clocked 
into Capture register A on the positive edge of the CLOCK. The data are then clocked into 
Capture register B on the negative edge of the CLOCK and appear on the SDO line. This is 
equivalent to serially shifting data through the boundary scan register. 
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A FIGURE 11-66 


Data path for serially shifting data from one BSC to the next. There is a 1 on the SHIFT input and a 
CLOCK pulse is applied. The red lines indicate data flow. 


The second BSC mode allows data to flow directly from the internal programmable logic 
to a device output pin, as illustrated in Figure 11-67. The 0 on the PDI/O (parallel data I/O) 
control line selects the data from the internal programmable logic. The | on the OE (output 
enable) line enables the output buffer. 

The third BSC mode allows data to flow directly from a device input pin to the internal 
programmable logic, as illustrated in Figure 11-68. The 0 on the PDI/O (parallel data I/O) 
control line selects the data from the input pin. The 0 on the OE (output enable) line dis- 
ables the output buffer. 

The fourth BSC mode allows data to flow from the SDI to the internal programmable 
logic, as illustrated in Figure 11-69. A 1 on the SHIFT input selects the SDI. The data on 
the SDI line are clocked into Capture register A on the positive edge of the CLOCK. The 
data are then clocked into Capture register B on the negative edge of the CLOCK and ap- 
pear on the SDO line. A pulse on the UPDATE line clocks the data into Update register B. 
A 1 on the PDI/O line selects the output of Update register B and applies it to the internal 
programmable logic. The data also appear on the SDO line. 

The fifth BSC mode allows data to flow from the SDI to a device output pin and to the 
SDO output, as illustrated in Figure 11-70. A 1 on the SHIFT input selects the SDI. The 
data on the SDI line are clocked into Capture register A on the positive edge of the CLOCK. 
The data are then clocked into Capture register B on the negative edge of the CLOCK and 
appear on the SDO line. A pulse on the UPDATE line clocks the data into Update register 
A. With a | on OE, a | on the PDI/O line selects the output of Update register A and ap- 
plies it to the device output pin. 
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& FIGURE 11-67 


Data path for transferring data from the internal programmable logic to a device output pin. There is 
a 0 on the PDI/O line and a 1 on the OE line. 
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Data path for transferring data from a device input pin to the internal programmable logic. There is a 


0 on the PDI/O line and a 0 on the OE line. 659 
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& FIGURE 11-69 
Data path for transferring data from the SDI to the internal programmable logic and the SDO. 
There is a 1 on the SHIFT line, a 1 on the PDI/O line, and a 0 on the OE line. A pulse is applied to 
the CLOCK line followed by a pulse on the UPDATE line. 
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& FIGURE 11-70 

Data path for transferring data from the SDI to a device output pin and the SDO. There is a 1 on the 

SHIFT line, a 1 on the PDI/O line and a 1 on the OE line. A pulse is applied to the CLOCK line 
660 followed by a pulse on the UPDATE line. 
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_ Boundary Scan Testing of Multiple Devices 


Boundary scan testing can be applied to printed circuit boards on which multiple JTAG 
(IEEE Std. 1149.1) devices are mounted to check interconnections as well as internal logic. 
This concept is illustrated by tracing the path of data shown in red in Figure 11-71. 
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& FIGURE 11-71 


Basic concept of boundary scan testing of multiple devices and interconnections. The test path is 


shown in red. 


The bit is shifted into the TDI of device | and through the BS register of device | to a 
cell where the connection to be tested goes to device 2. The bit is shifted out to the device 
output pin and through the interconnection to the input pin of device 2. The bit continues 
through the BS register of device 2 to an output pin and through the interconnection to the 
input pin of device 3. It is then shifted through the BS register of device 3 to the TDO. If 
the bit coming out of the TDO is the same as the bit going into the TDI, the boundary scan 
cells through which it was shifted and the interconnections from device | to device 2 and 
from device 2 to device 3 are good. 


_ | SECTION 11-9 | 
| rReview 1. List the boundary scan inputs and outputs required by IEEE Std.1149.1. | 


2. What is the TAP? 
3. Name the mandatory registers in boundary scan logic. 


4. Describe five modes in which a boundary scan cell can operate in terms of data flow. 
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Two basic ways to test a device that has been programmed with a logic design are 
traditional and automated. In the traditional method, common laboratory test 
instruments can be used to check the operation. In the automated method, three 
fundamental approaches can be used for testing: bed-of-nails, flying probe, and 
boundary scan. 


After completing this section, you should be able to 


= Describe traditional testing = Describe bed-of-nails and flying probe testing and 
discuss their limitations ® Discuss the JTAG standard ® Describe the basic concept 
of boundary scan ® Explain the modes of boundary scan testing and briefly discuss 
BSDL 





After you commit a logic design to hardware, you can test the device on a PC board. For 
relatively simple designs, you can check the device using standard laboratory test instru- 
ments such as the oscilloscope or logic analyzer, signal generator, and dc power supply. You 
can apply input signals to input pins on the board and check the output pins for the proper 
waveforms. This traditional approach, illustrated in Figure 1 1—72, is practical for one-of-a 
kind evaluation boards and for the preproduction testing of prototype circuits. 






10000 
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A FIGURE 11-72 


Traditional testing using laboratory instruments. 


_Bed-of-Nails Testing 


The testing of printed circuit boards at production levels must be done automatically. The 
bed-of-nails (BON) method was one of the first approaches to automated testing. The con- 
cept is illustrated in Figure 11-73 where the PC board is placed on a fixture with an array 
of small nail-like test probes that make contact with test pads on the board. The “nails” are 
arranged in an array that lines up with the test pad pattern on the board. With this method, 


To ATE 
(automatic test equipment) 





the test points can be checked simultaneously with special automated test equipment. Ba- 
sically, the purpose of automated production testing is to find any manufacturing flaws, 
such as open or shorted pins and wrong, missing, or misaligned components. This auto- 
mated process does not primarily test for functionality of the logic. It is assumed that each 
component had been tested for functionality prior to installation on the circuit board and 
that the only flaws should be those created during manufacturing. 

As integrated circuit devices became smaller and more complex, the trend to surface- 
mount technology increased, and circuit boards changed from double-sided to multilayer. 
The increased density and complexity of circuit boards and devices, with large numbers of 
very closely spaced pins, resulted in limited access to test points on the board using the bed- 
of-nails approach. 





ea “lying Probe Testing 


Another method for testing printed circuit boards is called the flying probe method. A 
typical flying probe and its basic operation are shown in Figure 11—74. A test probe is 





(a) 3-axis movement (b) Movement from point to point 


& FIGURE 11-74 





A flying probe testing a circuit board. 
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«@ FIGURE 11-73 


Basic concept of bed-of-nails 
method for testing a circuit board. 
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» FIGURE 11-75 


Basic concept of boundary scan logic 


in a programmable device. 


positioned above a circuit board that is to be tested. The probe can be automatically 
moved in three axes—along the x-axis, the y-axis, and the z-axis of the board—to make 
contact with any specified test points. The movement of the probe is controlled by soft- 
ware that uses the physical layout of the board to determine the coordinates. Many fly- 
ing probe testers have multiple probes for one board. 

The flying probe method of testing overcomes some of the limitations of the bed-of-nails. 
First, the BON method requires a different fixture for each type of circuit board, but the fly- 
ing probe method requires no fixture. Also, the flying probe can access more points on a 
board because the probe can be moved to any position and it can access the top of the board 
where the components are. A drawback of the flying probe method is that it is slower than 
the BON and so is generally limited to testing prototypes and small production quantities. 


Boundary Scan Testing 


Limited access to test points led to the concept of placing the test points within the inte- 
grated circuit devices themselves. Most CPLDs and FPGAs include boundary scan logic as 
part of their internal structure independent of the functionality of the logic programmed into 
the device. These devices are JTAG compliant. 

A circuit, known as a boundary scan cell, is placed between the programmable logic and 
each input and output pin of the device, as shown in Figure 11—75. The cells are basically 
memory cells that store a | or a 0. The cells connected to the programmable logic inputs are 
called input cells, and those connected to the programmable logic outputs are called output 
cells. Boundary scan testing is based on the JTAG standard (IEEE Std. 1149.1). The four 
JTAG inputs and outputs—TDI (test data in), TDO (test data out), TCK (test clock), and 
TMS (test mode select)—are known as the test access ports (TAP). 


Boundary-scan 
cells 


TCK 








Programmable 
logic 





TMS 


Intest When boundary scan cells are used to test the internal functionality of the device, 
the test mode is called Intest. The basic concept of boundary scan using Intest is as follows: 
A software-driven pattern of 1s and Os is shifted in via the TDI pin and is placed on the pro- 
grammable logic inputs. As a result of these applied input bits, the logic will produce out- 
put bit(s) in response. The resulting output bit(s) is (are) then shifted out on the TDO pin 


TDO 





and checked for errors. An incorrect output, of course, indicates a fault in the programmed 
logic, I/O cells, or boundary scan cells. 

Figure | 1—76 shows a boundary scan Intest pattern 1011 for an AND-OR logic circuit that 
has been programmed into a device. Sixteen combinations of four TDI bits would test the cir- 
cuit in all possible states according to the list in Table 11—1. The 4-bit combinations are seri- 
ally shifted into the boundary scan cells, and the corresponding output is shifted out on TDO 
for checking. This process is controlled by boundary scan test software. 


TDI 5 1DO 
0000 
0001 
0010 
0011 
0100 
0101 
0110 
O11 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
11 
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<< FIGURE 11-76 

Example of a bit pattern in the 
boundary scan Intest for the internal 
logic. 


« TABLE 11-1 


Boundary scan test bit pattern for 
the programmed device in Figure 


11-76. 
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>» FIGURE 11-77 


Example of a bit pattern in the 
boundary scan Extest for external 
faults. 


Extest When boundary scan cells are used to test the external connections to the device 
in addition to some internal functionality, the test mode is called Extest. The basic con- 
cept of boundary scan using Extest is as follows: A software-driven pattern of Is and Os 
is applied to the input pins of the device and entered into the input cells. As a result of 
these applied input bits, the logic will produce output bit(s) in response. The resulting 
output bit(s) is (are) then taken from the output pin of the device and checked for errors. 
An incorrect output, of course, indicates a fault in the input or output pin connections or 
interconnections, an incorrect device, or improperly installed device. Obviously, some in- 
ternal faults can also be detected in the Extest mode. For example, faults in the boundary 
scan cells, I/O cells or certain faults in the programmed logic will produce an incorrect 
output. Figure 11—77 shows an example of a boundary scan Extest that tests the four in- 
puts and the output of the logic circuit. 





TMS 


If a fault is detected in the Extest mode, it can be either external (a bad pin connection) 
or internal (a faulty connection, boundary scan cell, or logic element) to the device. There- 
fore, in order to isolate an Extest detected fault, an Intest should be run following the Ex- 
test. If both tests show a fault, then it is internal to the device. 

In the Extest mode, it is necessary to probe contacts to the input and output pins of 
the device. These pins have to be available at a connector to the circuit board or on test 
pads so they can be checked by the automatic test equipment. Pins that are not brought 
through a JTAG board connector can be probed at a test pad using the bed-of-nails 
method and/or the flying probe method. These combined approaches are illustrated in 
Figure 11-78. 


Boundary Scan Description Language (BSDL) This test software is part of the JTAG 
standard IEEE 1149.1 and uses VHDL to describe how the boundary scan logic is imple- 
mented in a specific device and how it operates. BSDL provides a standard data format for 
describing how IEEE 1149.1 is implemented in a JTAG-compliant device. When you use 
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Flying probe ' 





A FIGURE 11-78 


A combination of boundary scan, bed-of-nails, and flying probe testing. 


boundary scan test software tools that support BSDL, you can usually obtain BSDL from 
the device manufacturer. 

Each device that contains dedicated boundary scan logic is supported by a BSDL file 
that describes that particular device. Certain things that are described in the BSDL file 
are the device type and port descriptions that name the I/O pins and test access port 
(TAP) pins and denote their nature such as input, output, or bidirectional. BSDL also 
provides a mapping of logical signals onto the physical pins and a description of the 
boundary scan logic architecture contained in the device. A bit test pattern for testing 
the device can be defined using BSDL. 


. What limits the bed-of-nails method? 
- How does the flying probe test method differ from BON? 


. Explain the basic concept of boundary scan. 


_ | SECTION 11-10 
| REVIEW . Describe the basic concept of bed-of-nails board testing. 


. What are the two modes of boundary scan test? 
- Name four JTAG signals used with boundary scan. 
. What is BSDL? 
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(a) Segment-a logic 
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(d) Segment-d logic 
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(f) Segment-f logic 


& FIGURE 11-79 
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' In this system application, the generic 
software development tools using the 
schematic entry procedure that you 

| learned in this chapter are applied to the 

' BCD-to-7-segment decoder logic that was 
' developed in Chapter 4. Only the major 

; steps are shown here in a generic approach 
: to illustrate the basic concept. 


ey enor hee oe 


symbol form. After all seven segment logic 


| files have been entered, they are 
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Figure 11-79 shows the individual logic i 


: circuits for each of the seven segments. 
: Each segment logic circuit is entered as a 
: separate file and then converted to block 


(b) Segment-b logic 


oS 


‘ant 
4 


combined in a single block that is the full 
decoder. All of the seven logic circuits 


- could be entered at one time to create 


what is known as a “flat” schematic. 


~ However, we will use the hierarchical 


approach of design entry to keep the 
amount of logic on the Graphic Editor 
screen at one time more manageable. This 
approach is preferred when the schematic 
is fairly complex and can be broken down 


b 
A 
: >> 
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(c ) Segment-c logic 


(e) Segment-e logic 


> 


(g) Segment-g logic 





The seven individual segment logic circuits. 


into several parts. Also, in situations where 
several people are working on circuits that 
will later be combined into a larger circuit 
or system, the hierarchical approach is 
essential. 

Each of the seven logic circuits is 
entered individually, converted to a 
block symbol, and saved. When all seven 
circuits have been entered, each block 
symbol will be placed on the graphic 
entry screen. All the block symbols will 
be then connected to the inputs and 
outputs. Keep in mind that this is a 
generic description but illustrates the 
concept of some of the major tools 


| Graphic Editor 
; File Edit View Project Assignments Processing Tools Window 


Click the Gate icon 
to open the symbol 
selection window. 


\ 


Under Libraries, select 
primitives and highlight the 
gate that you want to place 
in the Graphic Editor screen. 

Click OK. Then place as 
many instances as required. 
Continue to select all the 
gates needed and place 
them in the Graphic Editor. 


* FIGURE 11-80 
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Symbol 


Libraries 
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found in most software, such as Altera 
Quartus Il and Xilinx ISE. 


Design Entry of Segment-a Logic 


After opening the software, we will set 
up a project for the 7-segment logic and 
open the Graphic Editor screen. To place 
the logic gate symbols on the screen, 
click on the gate icon as indicated in 
Figure 11-80. A Symbol screen appears to 
allow you to select the gates that you 
want from the software library. The logic 
gates are called primitives and can be 
selected from a list when you go to the 
Primitives heading. 


Primitives 
and2 
and3 
and4 
or2 
or3 
or4 
not 


oon ee es 


ee ere ny 


For segment a, two instances of the 2- 
input AND gate are selected and placed 
on the screen as shown. Next, a 4-input 
OR gate is selected and one instance is 
placed on the screen. Finally, the inverter 
(NOT) is selected, and two instances of it 
are placed on the screen. 

Next, in the Symbol window, select 
Pins from the library. Either an input pin 


' or an output pin can be specified, as 


illustrated in Figure 11-81. For this 
particular circuit, four input pins and one 
output pin have been placed in the 
Graphic Editor screen, as shown in 

Figure 11-82. 








Illustration of selection and placement of logic symbols in the Graphic Editor. 
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» FIGURE 11-81 


Selection of input and output pins in ——— Symbol 
the Symbol window. highlight input or libraries 


output. Click OK 
to place in the 
Graphic Editor. 
Continue to select all 
the pins needed and 
place them in the 
Graphic Editor. 


Graphic Editor _ 


Select the names 
for each pin. 


Use the connection 
tool to connect the 
circuit components. 


Make one connection 
at a time by dragging 
from one connection 

point to the other. 


® FIGURE 11-82 


Placement of pins and making circuit connections in the Graphic Editor. 


The complete schematic for the Figure 11—84. An indication will appear to 


segment-a logic is shown in Figure 11-83. : show if the compilation is successful or not. 
Compile the Design ! Functional Simulation 


After the design has been entered, the 
next step is to compile it. The compiler isa _ ; types of simulation tools: functional 
software tool that manages the design flow 
process. The fitter tool in the compiler 


selects the optimum interconnections, pin 


simulation and timing simulation. The 
functional simulation verifies 
functionality of the logic circuit and 
assignments, and logic cell assignments to —_; should be done as soon as the circuit has 
fit a design in the selected target device. been successfully compiled. 

Generally, a compiler dialog box appears; The first step in setting up the 

and when it is started, it indicates the | simulation is to specify a signal as an input 


progress being made as a bar graph and or output and assign a name. Next, create 


percentage of completion, as shown in ' one waveform at a time by selecting the 


Most software packages have at least two 


ee 
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desired time interval and specifying the 
level as a HIGH (1) or a LOW (0). You 
move from interval to interval until the 
entire waveform is complete. This is 
repeated for all the other input 
waveforms, as indicated in Figure 11-85. 

When all the input waveforms have been 
specified, the simulation is initiated and an 
output waveform is generated, as shown in 
Figure 11—85 for the segment-a logic. 


Create Block Symbol 


A successful simulation means that the logic 
circuit works as expected from a functional 
point of view; that is, the logic is correct. 


» FIGURE 11-83 


Complete schematic of segment-a 


logic. 


» FIGURE 11-84 
Compiler dialog box. 


Pins and waveform 
names are assigned to 
match the schematic. 


To create a waveform, 
select each time interval 
and specify a 0 or | for 
that time interval, one 
interval at a time. 


You specify the 
input waveforms. 
The simulation 
tool produces the 
output waveform. 


“ FIGURE 11-85 


3 


DIGITAL SYSTEM APPLICATION 


Orel sal eli(cis 


| Waveform Editor 


Input waveforms and the resulting output waveform for segment-a logic. 


The next step is to convert the logic 
schematic into a block symbol, as illustrated 
in Figure 11-86, and save it for use later. 
Once the block symbol has been saved, it 
can be accessed for use in the final design. 
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Design Entry for Segments 6 Through g 


The same general procedure that was used 
to enter, simulate, and save as a block 
symbol the segment-a logic is repeated for 
each of the other six segment logic 
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| File Edit View 


Project Assignments Processing Tools Window 








circuits. Figure 11-87 shows the screens for 
segment-b logic, segment-c logic, and 
segment-d logic. 

Figure 11-88 shows the screens for 
segment-e logic, segment-f logic, and 
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| Graphic Editor 


Place and connect _} 
input and output pins | 
the same way as you 
did for the schematic. 


File Edit View Project Assignments Processing Tools Window 


Segment-a Logic 





A FIGURE 11-86 


The segment-a logic schematic converted to a block symbol. 


Waveform Editor Graphic Editor 


Segment-b Logic 





Enter segment-b schematic. => Run functional simulation. “a> Convert schematic to block symbol and save. 


Graphic Editor 


Waveform Editor 
' File Edit View Project Assignments Processing Tools Window 
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Run functional simulation. ‘@)> Convert schematic to block symbol and save. 


Waveform Editor Graphic Editor 


Segment-d Logic 
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Enter segment-d schematic. > 


Run functional simulation. 


‘> Convert schematic to block symbol and save. 


A FIGURE 11-87 





Screens for segment logic (b, c, and d). 
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Graphic Editor 
oe File Edit View Project Assignments Processing Tools Window 


| File Edit View Project Assignments Processing Tools Window 





Segment-e Logic 





Enter segment-e schematic. > Run functional simulation. => Convert schematic to block symbol and save. 
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Enter segment-f schematic. > Run functional simulation. ‘> Convert schematic to block symbol and save. 


Graphic Editar 
: File Edit View Project Assignments Processing Tools Window 


Graphic Editor foixdl 


. File Edit View Project Assignments Processing Tools Window 


Segment-g Logic 





Enter segment-g schematic. > Run functional simulation. > Convert schematic to block symbol and save. 


+» FIGURE 11-88 


Screens for segment logic (e, f, and g). The output waveforms in each case are to be completed as an 
activity. 


segment-g logic. The functional Timing Simulation glitches, you would go back to the design 


simulations for segments e, f, and g are left and try to correct the condition if it could 


After the complete circuit has been 


entered in the Graphic Editor, it must be be a potential problem. 


as an activity. 


compiled in the same way that each of the Ay stiecessful timing simulalion means 


Final Block Diagram that the logic circuit works as expected in 


segment logic circuits was compiled. After 


All of the block symbols for the segment terms of both functionality and timing. 


it has been successfully compiled, a timing 


simulation should be run. The timing The next step is to convert the multiple- 


logic have been saved and now can be 


recalled for use in the complete 7- block diagram into a single block symbol, 


simulation takes into account the 


segment logic. The symbols are accessed as illustrated in Figure 11—91, for possible 


propagation delays of each gate in the 


using the Symbol window, just as was done later use. 


design as well as the functionality of the 


for the selection of logic gates. The file circuit. All the input waveforms are 
they are stored in is opened and the list specified just as was done for the Programming the Target Device 


appears, as shown in Figure 11-89. The Assuming the timing simulation indicates no 


functional simulation. A timing simulation 


input and output pins are added and all of problems, the next step is to program the 


with no apparent problems, such as 


the block symbols are connected to form target device with the 7-segment logic. 


glitches, appears in the Waveform Editor, 


the complete segment logic. Start the programming sequence and select 


as shown in Figure 11—90. If there are any 
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Click the Gate || File Edit View Project Assignments Processing Tools Window 
icon to open the % 
symbol selection 
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Libraries 





Select the file where you 





: ae 
saved the block symbols for Segment file 
the segment logic. Click OK. Segment a | Segment-a Logic 
en.) Segment b | 
Continue to select all the Segment c D 
block symbols and place Segment d | 
them in th Graphic Editor. Segment e | 
Next select input and output Segment f | 
pins and then interconnect Segment g | 
all of the block symbols e 
to the inputs and each 


block to its output. 





«+ FIGURE 11-89 


Selection, placement, and interconnection of the segment logic in the Graphic Editor. 
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+ FIGURE 11-90 


Ideal timing simulation for the complete 7-segment logic in Figure 11-89. The segment waveforms 
for e, f, and gare to be completed as an activity. 


| Graphic Editor : 
| File Edit View Project Assignments Processing Tools Window | 
Place and connect _ |} 
input and output pins [| Segment-a Logic 
the same way as you” [7 
did for the schematic. 





& FIGURE 11-91 





The complete BCD-to-7-segment decoder as a single block symbol. 
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» FIGURE 11-92 


Selection of the target device. 


Select the device family for 
the target device. 


Select the specific device 
in the chosen family. 


Download complete 


Wi rreatmevavveneneeeer enn 


A FIGURE 11-93 





Select Device 


Device Family 


MAX II 
MAX3000A 
MAX 7000 
CYCLONE 
STRATIX 
STRATIX Il 
STRATIX GX 
APEX Il 
APEX 20K 
FLEX 10K 
FLEX 1K 
FLEX 6000 
MERCURY 





Specific Device 


EPM7032B 
EPM7064B 
EPM7128B 
EPM7256B 
EPM7512B 





The design has been downloaded to the target device on a development board. 


the interface, such as JTAG. Next, select the | number of gates can be programmed into a 


target device from the Select Device | single PLD. Often the limitation is the 


window, as shown in Figure 11-92. Keep in 
mind that a very small percentage of the 
capacity of a typical programmable device 
will be used for a circuit the size of our 
example. Thousands of circuits with a similar 


' 
' 
‘ 
' 
' 
: 
' 
' 
t 
' 
' 
i 
' 
' 


number of inputs and outputs that are 
available on the target device package. 

: Software packages generally allow you to 
assign device pin numbers for the inputs 
and outputs. However, if you choose not 


lettered edielede tet ke eee 


to, most software will automatically assign 
them for you and make available a listing of 
the assignments. 

When the device selection is complete, 
the design is downloaded, as indicated by 
the Download Complete message in 
Figure 11-93. 


In-Circuit Testing 


After the design has been downloaded to 


the target device, hardware testing is 
usually the next step. Prior to this, only 
software simulation has been done to 
verify operation. Now, actual instruments 
are connected to the circuit on the 
development board, input signals are 
applied, and output signals are observed. 
The method of approach depends on the 
type and complexity of the logic that has 
been downloaded to the device, but 
generally a signal source such as a function 
generator or a pattern generator to supply 





A FIGURE 11-94 


the inputs and an oscilloscope or a logic 
analyzer for observing the outputs may be 
required. 

In the case of the 7-segment decoder 


| logic that has been downloaded to the 


target device, a simple test can be done 
using the resources available on the 


; development board. The inputs can be 


Sa 00 a td oe 00 mr ee mth atm tee tem net fee anh tow my fat ne 


connected to the switches on the board 
and the outputs to the 7-segment display 
on the board. After a power supply is 
connected, you can sequence through the 


| BCD code with the switches and observe 
the output on the display. Most 


Switches connected 
to device inputs 
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‘ development boards have these features, 


as indicated in Figure 11—94. 
System Assignment 


= Activity 1 Verify that the SEGa output 
waveform in Figure 11—85 is correct. 


® Activity 2 Verify that the output 
waveforms for segments 6, c, and d in 
Figure 11-87 are correct. 


m Activity 3 Determine the correct 
output waveforms for segments e, f, and 
gin Figure 11-88 and Figure 11-90. 


Target device 


7-segment display 
connected to 
device outputs 


Example of the target device mounted on a development board being tested with on board switches 


and /7-segment display. 


EUS 


= A PAL is a one-time programmable (OTP) SPLD consisting of a programmable array of AND 
gates that connects to a fixed array of OR gates. 


m The PAL structure allows any sum-of-products (SOP) logic expression with a defined number of 
variables to be implemented. 


The GAL is essentially a PAL that can be reprogrammed. 
In a PAL or GAL, a macrocell generally consists of one OR gate and some associated output logic. 
The PAL16V8 is a common type of programmable array logic device. 


The GAL22V 10 is a common type of generic array logic device. 
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= ACPLD is a complex programmable logic device that consists basically of multiple SPLD 
arrays with programmable interconnections. 


m™ Each SPLD array in a CPLD is called a logic array block (LAB). 
=m The MAX 7000 is an Altera family of CPLDs. 


= Inthe MAX 7000 CPLD family, density ranges from 2 LABs to 16 LABs, depending on the 
particular device in the series, and each LAB has sixteen macrocells. 


= The Altera MAX II CPLD differs dramatically from the MAX 7000 family and is known as a 
“post-macrocell” CPLD. 


The MAX II CPLD uses look-up tables (LUT) instead of AND/OR arrays. 


The architecture of the Xilinx CoolRunner II CPLD family is based on a PLA structure rather 
than on a PAL structure. 


= The CoolRunner II family contains CPLDs ranging from 32 macrocells to 512 macrocells. 


= A macrocell can be configured for either of two modes: the combinational mode or the 
registered mode. 


= An FPGA (field-programmable gate array) differs in architecture, does not use PAL/PLA type 
arrays, and has much greater densities than typical CPLDs. 


™ Most FPGAs use either antifuse or SRAM-based process technology. 


Each configurable logic block (CLB) in an FPGA is made up of multiple smaller logic modules 
and a local programmable interconnect that is used to connect logic modules within the CLB. 


m= FPGAs are based on LUT architecture. 


= LUT stands for look-up table, which is a type of memory that is programmable and used to 
generate SOP combinational logic functions. 


= A hard core is a portion of logic embedded in an FPGA that is put in by the manufacturer to 
provide a specific function and which cannot be reprogrammed. 


= A soft-core is a portion of logic embedded in an FPGA that has some programmable features. 
Designs owned by the manufacturer are termed intellectual property (IP). 


m Altera produces several families of FPGAs including the Stratix II, the Stratix, Cyclone, and the 
ACEX family. 


= Xilinx has two major lines of FPGAs, the Spartan and the Virtex, and there are different families 
within each line. 


The programming process is generally referred to as design flow. 
m™ The device being programmed is usually referred to as the target device. 


= In software packages for programmable logic, the operations are controlled by an application 
program called the compiler. 


= During downloading, a bitstream is generated that represents the final design, and it is sent to 
the target device to automatically configure it. 


m The bed-of-nails (BON) method was one of the first approaches to automated circuit board 
testing. 


= Another method for testing printed circuit boards is called the flying probe method. 


= A method of internally testing a programmable device is called boundary scan, which is based 
on the JTAG standard (IEEE Std. 1149.1). 


m™ The boundary scan logic ina CPLD consists of a boundary scan register, a bypass register, an 
instruction register, and a test access port (TAP). 


| KEY TERM So Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Bed-of-nails A method for the automated testing of printed circuit boards in which the board is 
mounted on a fixture that resembles a bed of nails that makes contact with test points. 


Boundary scan A method for internally testing a PLD based on the JTAG standard (IEEE Std. 1149.1). 


CLB Configurable logic block; a unit of logic in an FPGA that is made up of multiple smaller logic 
modules and a local programmable interconnect that is used to connect logic modules within the CLB. 
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Compiler An application program in development software packages that controls the operation of 
the software. 


CPLD A complex programmable logic device that consists basically of multiple SPLD arrays with 
programmable interconnections. 


Design flow The process or sequence of operations carried out to program a target device. 


Downloading The final step in a design flow in which the logic design is implemented in the target 
device. 


Fitter tool A compiler software tool that selects the optimum interconnections, pin assignments, and 
logic cell assignments to fit a design into the selected target device. 


Flying probe A method for the automated testing of printed circuit boards, in which a probe or probes 
move from place to place to contact test points. 


FPGA Field programmable gate array; a programmable logic device that uses the LUT as the basic 
logic element and generally employs either antifuse or SRAM-based process technology. 


Functional simulation A software process that tests the logical or functional operation of a design. 


GAL A reprogrammable type of SPLD that is similar to a PAL except that it uses a reprogrammable 
process technology, such as EEPROM (E*CMOS), instead of fuses. 


Intellectual property (IP) Designs owned by a manufacturer of programmable logic devices. 
LAB Logic array block; an SPLD array in a CPLD. 
LUT Look-up table; a type of memory that can be programmed to produce SOP functions. 


Macrocell Part of a PAL, GAL, or CPLD that generally consists of one OR gate and some associ- 
ated output logic. 


PAL A type of one-time programmable SPLD that consists of a programmable array of AND gates 
that connects to a fixed array of OR gates. 


Primitive A basic logic element such as a gate or flip-flop, input/output pins, ground, and Voc. 
Registered A macrocell operational mode that uses a flip—flop. 

Schematic entry A method of placing a logic design into software using schematic symbols. 
Target device The programmable logic device that is being programmed. 


Text entry A method of placing a logic design into software using a hardware description lan- 
guage (HDL). 


Timing simulation A software process that uses information on propagation delays and netlist data 
to test both the logical operation and the worst-case timing of a design. 


SER Est Answers are at the end of the chapter. 


1. Two types of SPLDs are 
(a) CPLD and PAL (b) PAL and FPGA 
(c) PAL and GAL (d) GAL and SRAM 

2. A PAL consists of a 
(a) programmable AND array and a programmable OR array 
(b) programmable AND array and a fixed OR array 
(c) fixed AND array and a programmable OR array 
(d) fixed AND/OR array 

3. A macrocell consists of a 
(a) fixed OR gate and other associated logic 
(b) programmable OR array and other associated logic 
(c) fixed AND gate and other associated logic 
(d) fixed AND/OR array with a flip-flop 

4. The 16V8 is a type of 
(a) CPLD (b) GAL 
(c) PAL (d) FPGA 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


Ly. 


18. 


The basic AND/OR structure of SPLDs and CPLDs produces types of Boolean expressions 
known as 


(a) POS (b) SOP (c) product of complements (d) sum of complements 
The term LAB stands for 

(a) logic AND block (b) logic array block 

(c) last asserted bit (d) logic assembly block 

The MAX 7000 is a 

(a) family of CPLDs (b) family of SPLDs 

(c) family of FPGAs (d) type of software 

The CoolRunner II is a 

(a) family of CPLDs (b) family of SPLDs 

(c) family of FPGAs (d) type of software 

Two modes of macrocell operation are 

(a) input and output (b) registered and sequential 

(c) combinational and registered (d) parallel and shared 

When a macrocell is configured to produce an SOP function, it is in the 
(a) combinational mode (b) parallel mode 

(c) registered mode (d) shared mode 

A typical macrocell consists of 

(a) gates, multiplexers, and a flip-flop (b) gates and a shift register 
(c) a Gray code counter (d) a fixed logic array 


Based on the complexity of its configurable logic blocks (CLBs), an FPGA can be classified 
as either 


(a) volatile or nonvolatile 

(b) programmable or reprogrammable 

(c) fine grained or coarse grained 

(d) platform or embedded 

Nonvolatile FPGAs are generally based on 

(a) fuse technology (b) antifuse technology 

(c) EEPROM technology (d) SRAM technology 

An FPGA with an embedded logic function that cannot be programmed is said to be 
(a) nonvolatile (b) platform 

(c) hard core (d) soft core 


Hard core designs are generally developed by and are the property of the FPGA manufacturer. 
These designs are called 


(a) intellectual property (b) proprietary logic 


(c) custom designs (d) IEEE standards 

For text entry of a logic design, 

(a) logic symbols must be used (b) an HDL must be used 

(c) only Boolean algebra is used (d) a special code must be used 


In a functional simulation, the user must specify the 

(a) specific target device (b) output waveform 

(c) input waveforms (d) HDL 

The final output of the synthesis phase of a design flow is the 
(a) netlist (b) bitstream 


(c) timing simulation (d) device pin numbers 


PROBLEMS ® 681 


19, EDIF stands for 
(a) electronic device interchange format 
(b) electrical design integrated fixture 
(c) electrically destructive input function 
(d) electronic design interchange format 
20. The boundary scan TAP stands for 
(a) test access point (b) test array port 
(c) test access port (d) terminal access path 
21. A typical boundary scan cell contains 
(a) flip—flops only (b) flip—flops and multiplexer logic 
(c) latches and flip—flops (d) latches and an encoder 


22. An automated printed circuit board test method that uses a fixture with many fixed contacts to 
the board test point is called 


(a) traditional (b) flying probe 
(c) bed-of-nails (d) boundary scan 
23. An automated printed circuit board test method that uses a moving test point contact is called 
(a) traditional (b) flying probe 
(c) bed-of-nails (d) boundary scan 
24. The JTAG standard has the following inputs and outputs 
(a) Intest, extest, TDI, TDO (b) TDI, TDO, TCK, TMS 
(c) ENT, CLK, SHF, CLR (d) TCK, TMS, TMO, TLF 
25. The acronym BSDL stands for 
(a) board standard digital logic (b) boundary scan down load 


(c) bistable digital latch (d) boundary scan description language 





/ PROB LEMS / Answers to odd-numbered problems are at the end of the book. 


SECTION 11-1 Programmable Logic: SPLDs and CPLDs 


1. Determine the Boolean output expression for the simple PAL array shown in Figure 11-95. 
The Xs represent connected links. 


> FIGURE 11-95 a 2 @ @*¢? = 
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2. Show how the PAL-type array in Figure 1 1—96 should be programmed to implement each of 
the following SOP expressions. Use an X to indicate a connected link. Simplify the 
expressions, if necessary, to fit the PAL-type array shown. 


(a) Y = ABC + ABC + ABC 
(b) Y = ABC + ABC + ABC + ABC 


» FIGURE 11-96 A A B B C Cc 





3. Interpret each of the PAL device numbers. 

(a) PALI6L2 (b) PAL12H6 
4. Explain how a programmed polarity output in a PAL works. 
5. Describe how a CPLD differs from an SPLD. 


SECTION 11-2 Altera CPLDs 
6. Refer to the MAX 7000 block diagram in Figure 11—11 and determine the number of 
(a) inputs from the PIA toa LAB (b) outputs from a LAB to the PIA 
(c) inputs from an I/O control block to the PLA (dd) outputs from a LAB to an I/O control block 


7. Determine the product term for the AND gate in a CPLD array shown in Figure | 1—97(a). If 
the AND gate is expanded, as shown in Figure 1 1—97(b), determine the SOP output. 


A 
3 x 
) (b) 


8. Determine the output of the macrocell logic in Figure 11-98 if ABCD + ABCD is applied to 
the parallel expander input. 


®» FIGURE 11-97 


IAW}! 


(a 


» FIGURE 11-98 Parallel expander input 
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PROBLEMS ® 683 


SECTION 11-3 Xilinx CPLDs 
9. Determine the output of the PLA in Figure | 1-99. The Xs represent connected links. 


» FIGURE 11-99 


10. Refer to the CoolRunner II CPLD block diagram in Figure 11—21 and determine the number of 
(a) inputs from the AIM to an FB 
(b) outputs from an FB to the AIM 
(c) inputs from an I/O block to the AIM 
(d) outputs from an FB to an I/O block 


11. Determine the output expressions for X, and X, from macrocells | and 2 in Figure | 1—100. 





\ 


Hk ae 
aE SNC 


array 


~ 16 macrocells 


4 FIGURE 11-100 
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> FIGURE 11-101 


Data output 


Select 


SECTION 11-4 Macrocells 
12. Determine the data output for the multiplexer in Figure 11—101 for each of the following 
conditions: 
(a) D5 = 1, D, = 0, Select = 0 (b) Dy = 1, D, = 0, Select = 1 
13. Determine how the macrocell in Figure 11—102 is configured (combinational or registered) 
and the data bit that is on the output (to I/O) for each of the following conditions. The flip-flop 
is a D type. Refer to Figure 11-101 for MUX data input arrangement. 
(a) XOR output = 1, flip-flop Q output = 1, from I/O input = 1, MUX 1 select = 1, 
MUX 2 select = 0, MUX 3 select = 0, MUX 4 select = 0, and MUX 5 select = 0. 
(b) XOR output = 0, flip-flop Q output = 0, from I/O input = 1, MUX 1 select = 1, 
MUX 2 select = 0, MUX 3 select = 1, MUX 4 select = 0, and MUX 5 select = 1. 


Global ( ilobal 


Parallel expanders clear clock 


From 
MUX 5 1/O 


To I/O 






Product- | 
| term 

Selection - 
matrix 





aru 8 2xpandel 
T T | ex 


36 lines [5 expander product 
from PIA terms from other 


macrocells 


A FIGURE 11-102 


14. For the CPLD macrocell in Figure 11-103, the following conditions are programmed: 
MUX 1 select = 1, MUX 2 select = 1, MUX 3 selects = 01, MUX 4 select = 0, MUX 5 
select = 1, MUX 6 selects = 11, MUX 7 selects = 11, MUX 8 select = 1, and the OR 
output = 1. The flip-flop is a D type and the MUX inputs are from Dy at the top to D, at 
the bottom. 


(a) Is the macrocell configured for combinational or registered logic? 
(b) Which clock is applied to the flip-flop? 
(c) What is the data bit on the D input to the flip-flop? 
(d) What is the output of MUX 8? 
15. Repeat Problem 14 for MUX 1 select = 0. 
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GCK2 
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MUX 4 
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GND (0) 


A FIGURE 11-103 
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Feedback 
MUX 6 to AIM 
PTA 
CTs 
GSR 
GND 
From 


PIC CE 
CK 
MUX 3 MUX 5 R 
MUX 7 


PTA 
CTS 
GSR 
GND 


16. Generally, what elements make up a configurable logic block (CLB) in an FPGA? What 


elements make up a logic module? 


17. Determine the output expression of the LUT for the internal conditions shown in 


Figure 11—104. 


18. Show how to reprogram the LUT in Figure 1 1—104 to produce the following SOP output: 


ABC + ABC + ABC 


>» FIGURE 11-104 





SOP output 
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SECTION 11-6 Altera FPGAs 


19. Name the basic elements that make up an adaptive logic module (ALM) in the Stratix IT FPGA. 
20. List the modes of operation for an ALM. 


21. Show an ALM configured in the normal mode to produce one 4-variable SOP function and 
one 2-variable SOP function. 


22. Determine the final SOP output function for the ALM shown in Figure 11-105. 


» FIGURE 11-105 


AsA3A>A | + A,A3A5A | 





AsA 342A 1 + AsA3A,A | i AsA3A,A, 


SECTION 11-7 Xilinx FPGAs 
23. Use one or more of the slices in Figure 11—106 to produce the SOP function: 


A,AcAsAsA3A,A Ay + ByB.B;B,B3B,B Bo 


>» FIGURE 11-106 





Slice 


24. A slice from a Virtex FPGA is shown in Figure 11—106. Show how one or more of these slices 
can be configured to produce the SOP function: 


A7AgAsAy + AxA,A\Ap + By BoBsBy + B; By B,Bo 
Assume that the red elements as well as the LUTs are reconfigurable. 
25. Determine the number of slices (Figure 11-106) required to generate the expression: 
AjAgAsAsA3A2A Ap 
26. Determine the number of slices required to generate the expression: 


A7ApASAsA3A,A Ay + B;BBsB,B3B,B By + C7C5CsCyC3C,C Cy 
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SECTION 11-8 Programmable Logic Software 


>» FIGURE 11-107 


SECTION 11-9 


27. 


28. 


29. 


Show the logic diagram that you would enter in the Graphic Editor for the circuit described by 
each of the VHDL programs. 


a. entity AND_OR is 
port (AO, Al, A2, A3: in bit; X: out bit); 
end entity AND_OR; 
architecture LogicFunction of AND_OR is 
begin 
X <= (AO and A1) or (A2 and not A3); 
end architecture LogicFunction; 


b. entity LogicCircuit is 

port (A, B, C, D: in bit; X: out bit); 
end entity LogicCircuit; 
architecture Function of LogicCircuit is 
begin 

X <= (A and B) or (C and D) and 

(A and not B) and (not C and not D); 

end architecture Function; 


Show the logic circuit that you would enter in the Graphic Editor for the following Boolean 
expression. Simplify before entering, if possible. 


X = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
The input waveforms for the logic circuit described in Problem 28 are as shown in the Waveform 


Editor of Figure 11-107. Determine the output waveform that is produced after running a 
simulation. 


30. 





Repeat Problem 29 for the following Boolean expression: 


X = ABCD + ABCD + ABCD + ABCD + ABCD 


Boundary Scan Logic 


1 


32. 


2: 


34. 


In a given boundary scan cell, assume that data flow serially from the previous BCS to the next 
BSC. Describe what happens as the data pass through the given BCS. 


Describe the conditions and what happens in a given BCS when data flow directly from the 
internal programmable logic to a device output pin. 


Describe the conditions and what happens in a given BCD when data flow from a device input 
pin to the internal programmable logic. 


Describe the data path for transferring data from the SDI to the internal programmable logic. 
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SECTION 11-10 _ Troubleshooting 


35. Develop a boundary scan test bit pattern to test the logic that is programmed into the device 
shown in Figure 1 1—108 for all possible input combinations. 





>» FIGURE 11-108 


TCK 





TMS 
Digital System Application 


36. If the logic for the seven segments shown in Figure | 1—79 are entered in the Graphic Editor as 
a flat schematic, how many and which elements can be eliminated? 





37. A simulation for the 7-segment logic is shown in the Waveform Editor in Figure 11—109. 
Determine what the problem may be with the simulated circuit. 


® FIGURE 11-109 = 
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SECTION 11-1 Programmable Logic: SPLDs and CPLDs 


L, 


a A 


PAL: Programmable Array Logic 

GAL: Generic Array Logic 

A GAL is reprogrammable. A PAL is one-time programmable. 

Basically, a macrocell consists of an OR gate and associated output logic including a flip-flop. 


CPLD: Complex Programmable Logic Device 


SECTION 11-2 Altera CPLDs 


1. 
2. 
3. 


LAB: Logic Array Block 

A LAB consists of 16 macrocells in the MAX 7000 family. 

A shared expander is used to increase the number of product terms from a macrocell by 
ANDing additional sum terms (complemented product terms) from other macrocells. 

A parallel expander is used to increase the number of product terms from a macrocell by 
ORing unused product terms from other macrocells ina LAB. 


The MAX II is organized in a row/column architecture and uses LUTs in its macrocells. The 
MAX 7000 is organized in a traditional column architecture and uses SOP logic in its macrocells. 


SECTION 11-3 Xilinx CPLDs 


1. 


Altera uses PAL architecture. Xilinx uses PLA architecture. 


2. A PLA has a programmable AND array and a programmable OR array. 
2. 
4. FB: Function block 


A PAL has a fixed OR array. 


SECTION 11-4 Macrocells 


1. 


The XOR gate is used as a programmable inverter for the data. It can be programmed to invert 
or not invert. 


Combinational and registered 


3. Registered refers to the use of a flip-flop. 


Multiplexer 


SECTION 11-5 Programmable Logic: FPGAs 


1 


Generally, an FPGA is organized with a row/column interconnect structure and uses LUTs 
rather than AND/OR logic for generating combinational logic functions. 


CLB: Configurable Logic Block 


LUT: Look-Up Table. A programmable type of memory that is used to store and generate 
combinational logic functions. 


A local interconnect is used to connect logic modules within a CLB. A global interconnect is 
used to connect a CLB with other CLBs. 


A core is a portion of logic embedded in an FPGA to provide a specific function. 


Intellectual property refers to the hard-core designs that are developed and owned by the 
FPGA manufacturer. 


SECTION 11-6 Altera FPGAs 
1. The LAB (Logic Array Block) is the basic design unit in the Stratix II. 


Oe et be 


Typically, there are eight ALMs in a LAB. 
An LUT produces combinational logic functions in an ALM. 
Two 


Memory and DSP (digital signal processing) 
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SECTION 11-7 Xilinx FPGAs 
1. A CLB consists of eight logic cells or four slices. 
A LC (logic cell ) consists of an LUT and associated logic. 


A slice consists of two logic cells (LCs). 


~ pe be 


A cascade chain is two or more slices connected to expand an SOP expression. 
ASMBL: Application Specific Modular Block 


wn 


SECTION 11-8 Programmable Logic Software 
1. Design entry, functional simulation, synthesis, implementation, timing simulation, downloading 


2. Computer running PLD development software, a programming fixture or a development 
board, and an interface cable 


3. A netlist provides information necessary to describe a circuit. 


4. The functional simulation comes before the timing simulation. 


SECTION 11-9 Boundary Scan Logic 
i, TDL TMS, TCK. TRST, TDO 
2. TAP: Test access port 
3. Boundary scan register, bypass register, instruction register, and TAP 
4. Transfer of data from SDI to SDO, transfer of data from internal programmable logic to device 


output pin, transfer of data from device input pin to internal programmable logic, transfer of data 
from SDI to internal programmable logic, and transfer of data from SDI to device output pin. 


SECTION 11-10 Troubleshooting 


1. Bed-of-nails testing utilizes a fixture consisting of a fixed array of test probes (resembling 
nails) onto which a circuit board to be tested is placed. Each test probe makes contact with a 
test point on the circuit board so that measurements can be made. 


2. The bed-of-nails (BON) method is limited by the density of programmable logic devices, 
which makes many contacts on a device inaccessible. 


3. Ina flying probe fixture, one or more probes moves from one test point to another on a PC 
board in a controlled pattern. 


4. Boundary scan enables the internal testing and programming of a programmable logic device 
and testing of interconnections between two or more devices. It is based on the JTAG IEEE 
Std. 1149.1. Boundary scan uses specific logic internal to the device for testing. 


5. Intest and Extest 
6. TDI, TDO, TCK, TMS 
7. BSDL: Boundary Scan Description Language 


RELATED PROBLEMS FOR EXAMPLES 


6-1 X=BC+ ABC +AB+C 6—2 Sixteen 6-3 Sixteen; sixteen 
6-4 See Figure 11-110. 6-5 See Figure 11-111. 
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CHAPTER OBJECTIVES 





2—1 The Basic Computer Name the basic units of a computer 





Microprocessors Name the basic elements of a microprocessor 


12-3 ific Mi il 
m A pecaie: Mictop ec Satay Explain the basic operation of an Intel CPU 
—4 Computer Programming 


Explain the basic architecture of the Intel microprocessor 





—5 Interrupts 


12-6 Direct Memory Access (DMA) Explain the multiplexed bus operation of the Intel 
microprocessor 





—7 Internal Interfacing 
12-8 Standard Buses Discuss the software model of the Intel Pentium processors 








"Describe a simple assembly language program 
© Describe the seven instruction groups for the Intel processors 
© Distinguish between assembly language and machine language 


~ Compare polled I/O, interrupt-driven I/O, and software 
interrupts 


"Describe the functions of PIC and PPI devices 
© Define and explain the advantage of DMA 
~ Explain how functions are interfaced by the use of bus systems 


~ Define the basic characteristics and applications of the PCI and 
ISA internal bus standards 


“Define the basic characteristics and applications of the RS- 
232C, IEEE 1394 (FireWire), USB, IEEE 488 (GPIB), and SCSI 
external bus standards 


KEY TERMS 


Port Machine language 
Program Assembly language 
CPU _ High-level language 
Interrupts Tristate 

Peripherals Modem 
Microprocessor FireWire 

Address bus ~ USB 

Data bus GPIB 

Control bus SCSI 






INTRODUCTION 


This chapter provides a brief introduction to computers, 
microprocessors, and buses. Naturally, a single chapter must 
be limited because one or more chapters could easily be 
devoted to each of the section topics. Keep in mind, 
however, that the purpose here is to give you a basic 
introduction. Thorough coverage of computers and 
microprocessors must wait until a later course. For further 
information on microprocessors, including data sheets, go to 
the Intel website at www.intel.com. 

The Intel microprocessor families are briefly discussed. The 
Intel 8086/8088 processor is used as a “model” to illustrate 
basic microprocessor concepts with recent enhancements up 
through the Pentium described in further detail. The 
8086/8088 was the first generation of the Intel 80X86 
family. Although the Pentium is more powerful and contains 
advanced features, it is related in architecture and basic 
functions such as the register structure. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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INTRODUCTION TO COMPUTERS 


12-1 THE BASIC COMPUTER 


» FIGURE 12-1 


Basic computer block diagram. 











COMPUTER NOTE 


Grace Hopper, a mathematician 

and pioneer programmer, 
developed considerable 
troubleshooting skills as a naval 
officer working with the Harvard 
Mark | computer in the 1940s. She 
found and documented in the 
Mark I's log the first real computer 
bug. It was a moth that had been 
trapped in one of the 
electromechanical relays inside the 
machine, causing the computer to 
malfunction. From then on, when 
asked if anything was being 
accomplished, those working on 
the computer would reply that 
they were “debugging” the system. 
The term stuck, and finding 
problems in a computer (or other 
electronic device), particularly the 
software, would always be known as 
debugging. 


Special-purpose computers control various functions in automobiles or appliances, 
control manufacturing processes in industry, provide games for entertainment, and are 
used in navigation systems such as GPS (Global Positioning System), to name a few 
areas. However, the most familiar type of computer is the general-purpose computer 
that can be programmed to do many different types of things. 


After completing this section, you should be able to 


= Describe the basic elements in a computer ®™ Discuss what each part of a computer 
does ™ Explain what a peripheral device is 


All computers consist of basic functional blocks that include a central processing unit 
(CPU), memory, and input/output ports. These functional blocks are connected together 
with three internal buses, as shown in the block diagram of Figure 12—1. The three buses 
are the data bus, the address bus, and the control bus. Input and output devices are con- 
nected through the input/output ports. A port is a physical interface on a computer through 
which data are passed to and from peripherals. 





; Memories/Storage: 3 Input/Output 
RAM, ROM, cache, ports 
hard disk 
Address bus 
CPU Data bus 


(microprocessor) 


Control bus 


Instructions and data are stored in memory in specific locations determined by the pro- 
gram, a list of instructions designed to solve a specific problem. Each location has a unique 
address associated with it. Instructions are obtained by the CPU by placing an address on 
the address bus. Instructions are transferred via the data bus as they are requested by the 
CPU. The CPU executes the instructions sequentially; frequently, the instructions modify 
data stored in memory or obtained from an input device. Processed data may be stored back 
in memory or sent to an output device via the data bus. Signals on the control bus are gen- 
erated by the CPU to coordinate all of these operations. 


Central Processing Unit (CPU) 


The CPU is the “brain” of the computer; it oversees everything that the computer does. The 
CPU is a microprocessor with associated circuits that control the running of the computer 
software programs. Basically, the CPU obtains (fetches) each program instruction from 
memory and carries out (executes) the instruction. 

After completing one instruction, the CPU moves on to the next one and in most cases 
can operate on more than one instruction at the same time. This “fetch and execute” process 
is repeated until all of the instructions in a specific program have been executed. For ex- 
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ample, an application program may require the sum of a series of numbers. The instructions 
to add the numbers are stored in the form of binary codes that direct the CPU to fetch a se- 
ries of numbers from memory, add them, and store the sum back in memory. 


Memories and Storage 


Several types of memories are used in a typical computer. The RAM (random-access 
memory) stores binary data and programs temporarily during processing. Data are num- 
bers and other information, and programs are lists of instructions. Data can be written 
into and read out of a RAM at any time. The RAM is volatile, meaning that the informa- 
tion is lost if power is turned off or fails. Therefore, any data or program that needs to be 
saved should be moved to nonvolatile memory (such as a CD or hard disk) before power 
is removed. 

The ROM (read-only memory) stores a permanent system program called the BIOS (Ba- 
sic Input/Output System) and certain locations of system programs in memory. The ROM 
is nonvolatile, which means it retains what is stored, even when the power ts off. As the 
name implies, the programs and data in ROM cannot be altered. Sometimes it is referred to 
as “firmware” because it is permanent software for a given system. 

The BIOS is the lowest level of the computer’s operating system. It contains instructions 
that tell the CPU what to do when power is first applied; the first instruction executed is in 
the BIOS. It controls the computer’s basic start-up functions that include a self-test and a 
disk self-loader to bring up the rest of the operating system. In addition, the BIOS stores lo- 
cations of system programs that handle certain requests from peripherals called interrupts, 
which cause the current processing to be temporarily stopped. 

The cache memory is a small RAM that is used to store a limited amount of frequently 
used data that can be accessed much faster than the main RAM. The cache stores “close 
at hand” information that will be used again instead of having to retrieve it from farther 
away in the main memory. Most microprocessors have internal cache memory called 
level-1, or simply L1. External cache memory is in a separate memory chip and is referred 
to as level-2, or L2. 

The hard disk is the major storage medium in a computer because it can store large 
amounts of data and is nonvolatile. The high-level operating systems as well as applications 
software and data files are all stored on the hard disk. 

Removable storage 1s part of most computer systems. The most common types of re- 
movable storage media are the CDs, floppy disks, and Zip disks (magnetic storage media). 
Floppy disks have limited storage capability of about 1.4 MB (megabyte). CDs are avail- 
able as CD-ROMs (Compact Disk—Read-Only Memory) and as CD-RWs (Rewritable) and 
can store huge amounts of data (typically 650 MB). Zip drives typically store 250 MB. 


Input/Output Ports 


Generally, the computer sends data to a peripheral device through an output port and re- 
ceives information through an input port. Ports can be configured in software to be either 
an input or output port. The keyboard, mouse, video monitor, printer, and other peripherals 
communicate to the CPU through individual ports. Ports are generally classified as either 
serial ports, with a single data line, or parallel ports, with multiple data lines. 


Buses 


Peripherals are connected to the computer ports with standard interface buses. A bus can be 
thought of as a highway for digital signals that consists of a set of physical connections, as 
well as electrical specifications for the signals. Examples of serial buses are FireWire and 
USB (Universal Serial Bus). The most common parallel bus is simply called the parallel 
bus, which connects to a port commonly referred to as the printer port (although this port 
can be used by other peripherals.) Another example of a parallel bus, for connecting lab in- 
struments to a computer, is called the General Purpose Interface Bus (GPIB). 
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The three basic types of internal buses that interconnect the CPU with memory and stor- 
age and with input and output ports are the address bus, data bus, and control bus. These 
buses are usually lumped into what is called the /ocal bus. The address bus is used by the 
CPU to specify memory locations or addresses and to select ports. The data bus is used to 
transfer program instructions and data between the CPU, memories, and ports. The control 


bus is used for transferring control signals to and from the CPU. 


Computer Software 


In addition to the hardware, another major aspect of a computer is the software. The soft- 
ware makes the hardware perform. The two major categories of software used in comput- 


ers are system software and applications software. 


System Software The system software is called the operating system of a computer and 
allows the user to interface with the computer. The most common operating systems used 
in desktop and laptop computers are Windows, MacOS, and UNIX. Many other operating 


systems are used in special-purpose computers and in mainframe computers. 


System software performs two basic functions. It manages all the hardware and software 
in a computer. For example, the operating system manages and allots space on the hard 
disk. It also provides a consistent interface between applications software and hardware. 
This allows an applications program to work on various computers that may differ in hard- 
ware details. 

The operating system on your computer allows you to have several programs running at 
the same time. This is called multitasking. For example, you can be using the word proces- 


sor while downloading something from the Internet and printing an e-mail message. 


Applications Software You use applications software to accomplish a specific job or task. 


Table 12-1 lists several types of applications software. 


» TABLE 12-1 


Applications software. 


APPLICATION 


Word processing 


Drawing 


Spreadsheet 


Desktop publishing 


Photography 


Accounting 


Presentations 


Data management 


Multimedia 


Speech recognition 


Website preparation 


Circuit simulation 


FUNCTION 


Prepare text documents and letters 


Prepare technical drawings and pictures 


Manipulate numbers and words 
in an array 


Prepare newsletters, flyers, books, and 
other printed material 


Manipulate digital pictures, add special 
effects to pictures 


Tax preparation, bookkeeping 


Prepare slide shows and technical 
presentations 


Manipulate large databases 


Digital video editing, produce moving 
images in presentations 


Converts speech to text 


Tools to create web pages and 
websites on the Internet 


Create and test electronic circuits 


EXAMPLES 





Microsoft Word, 
WordPerfect 


CorelDraw, Freehand, 
Illustrator 


Excel, Lotus 123 


Quark XPress, 
Pagemaker 


Photoshop, 
Image Expert 


Quickbooks, Turbotax, 
MYOB 


PowerPoint, Harvard 
Graphics 
Filemaker, Access 


Premier, Dreamweaver, 
After Effects 


NaturallySpeaking 
FrontPage, Acrobat 


Multisim 


THE BASIC COMPUTER 


Sequence of Operation When you first turn on your computer, this is what happens: 


1. BIOS from ROM is loaded into RAM and a self-test is performed to check all 
major components and memory. Also, the BIOS provides information about 
storage, boot sequence, and the like. 


2. The operating system (such as Windows) on the hard disk is loaded into RAM. 


3. Application programs (such as Microsoft Word) are stored on the hard disk. When 
you select one, it is loaded into RAM. Sometimes, only portions are loaded as 
needed. 


4. Files required by the application are loaded from the hard disk into RAM. 


5. When a file is saved and the application is closed, the file is written back to the 
hard disk and both the application and the file are removed from RAM. 


_The Computer System 

The block diagram in Figure 12—2 shows the main elements in a typical computer system 
and how they are interconnected. For a computer to accomplish a given task, it must com- 
municate with the “outside world” by interfacing with people, sensing devices, or devices 
to be controlled in some way. To do this, there is a keyboard for data entry, a mouse, a video 
monitor, a printer, a modem, and a CD drive in most basic systems. These are called 


peripherals. 


Peripherals 





Cr CU 


~ Keyboard 








Removable storage: 
CDs, CD-RWs, 
floppy disks, Zip disks, etc. 


Modem 




















oe )””C«*s RAM, ROM, cache, —~ 
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_ [SECTION 12-1 
| REVIEW 1. What are the major elements or blocks in a computer? 


| Answers are at the end of the 2. What is the difference between RAM and ROM? 
| chapter. 3. What are peripherals? 
{ 
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Basic block diagram of a typical 
computer system including common 


peripherals. The computer itself is 


shown within the gray block. 


4. What is the difference between computer hardware and computer software? 
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The microprocessor is a digital integrated circuit that can be programmed with a 
series of instructions to perform various operations on data. A microprocessor is the 
CPU of a computer. It can do arithmetic and logic operations, move data from one 
place to another, and make decisions based on certain instructions. 


After completing this section, you should be able to 


=m Describe the basic elements of a microprocessor ™ Discuss microprocessor buses 
= Discuss a microprocessor instruction set 


Basic Elements 


A microprocessor consists of several units, each designed for a specific job. The specific 
units, their design and organization, are called the architecture (do not confuse the term with 
the VHDL element). The architecture determines the instruction set and the process for ex- 
ecuting those instructions. Four basic units that are common to all microprocessors are the 
arithmetic logic unit (ALU), the instruction decoder, the register array, and the control unit, 
as shown in Figure 12-3. 


» FIGURE 12-3 


Microprocessor 
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decoder 
(ALU) 


Register Control 
array unit 


Arithmetic Logic Unit The ALU is the key processing element of the microprocessor. It 
is directed by the control unit to perform arithmetic operations (addition, subtraction, mul- 
tiplication, and division) and logic operations (NOT, AND, OR, and exclusive-OR), as well 
as many other types of operations. Data for the ALU are obtained from the register array. 


Instruction Decoder The instruction decoder can be considered as part of the ALU, al- 
though we are treating it as a separate function in this discussion because the instructions 
and the decoding of them are key to a microprocessor’s operation. The microprocessor ac- 
complishes a given task as directed by programs that consist of lists of instructions stored 
in memory. The instruction decoder takes each binary instruction in the order in which it 
appears in memory and decodes it. 


Register Array The register array is a collection of registers that are contained within the 
microprocessor. During the execution of a program, data and memory addresses are tem- 
porarily stored in registers that make up this array. The ALU can access the registers very 
quickly, making the program run more efficiently. Some registers are classed as general- 
purpose, meaning they can be used for any purpose dictated by the program. Other regis- 


ters have specific capabilities and functions and cannot be used as general-purpose regis- 
ters. Still others are called program invisible registers, used only by the microprocessor and 
not available to the programmer. 


Control Unit The control unit is “in charge” of the processing of instructions once they 
are decoded. It provides the timing and control signals for getting data into and out of the 
microprocessor and for synchronizing the execution of instructions. 


Microprocessor Buses 


The three buses mentioned earlier are the connections for microprocessors to allow data, 
addresses, and instructions to be moved. 


The Address Bus The address bus is a “one-way street” over which the microprocessor 
sends an address code to a memory or other external device. The size or width of the ad- 
dress bus is specified by the number of conductive paths or bits. Early microprocessors had 
sixteen address lines that could select 65,536 (2'°) unique locations in memory. The more 
bits there are in the address, the higher the number of memory locations that can be 
accessed. The number of address bits has advanced to the point where the Pentium 4 has 
36 address bits and can access over 68 G (68,000,000,000) memory locations. 


The Data Bus The data bus is a “two-way street” on which data or instruction codes 
are transferred into the microprocessor or the result of an operation or computation is sent 
out. The original microprocessors had 8-bit data buses. Today’s microprocessors have up 
to 64-bit data buses. 


The Control Bus The control bus is used by the microprocessor to coordinate its oper- 
ations and to communicate with external devices. The control bus has signals that enable 
either a memory or an input/output operation at the proper time to read or write data. Con- 
trol bus lines are also used to insert special wait states for slower devices and prevent bus 
contention, a condition that can occur if two or more devices try to communicate at the 
same time. 


Microprocessor Programming 

All microprocessors work with an instruction set that implements the basic operations. The 
Pentium, for example, has hundreds of variations of its instruction set divided into seven 
basic groups. 

» Data transfer 

« Arithmetic and logic 

» Bit manipulation 

© Loops and jumps 

» Strings 

» Subroutines and interrupts 

» Control 
Each instruction consists of a group of bits (1s and Os) that is decoded by the microproces- 
sor before being executed. These binary code instructions are called machine language and 
are all that the microprocessor recognizes. The first computers were programmed by actu- 


ally writing instructions in binary code, which was a tedious job and prone to error. This 
primitive method of programming in binary code has evolved to a higher form where coded 
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instructions are represented by English-like words to form what is known as assembly lan- 
guage. This will be discussed further in Section 12-4. 


Technological Progress 


The first microprocessor, the Intel 4004, was introduced in 1971. Basically, all it could 
do was add and subtract only 4 bits at a time. In 1974, the Intel 8080 became the first 
microprocessor to be used as the CPU in a computer. The 8080 chip had 6,000 transis- 
tors, an 8-bit data bus, and it ran at a clock frequency of 2 MHz. The 8080 could per- 
form about 0.64 million instructions per second (MIPS). The Intel family has evolved 
from the 8080 through several different processors to the Pentium 4. This latest micro- 
processor (it may not be at the time you are reading this) has about 42,000,000 transis- 
tors on the chip and a 64-bit data bus. It runs at clock frequencies of up to over 3 GHz 
and it can do approximately 1,700 MIPS. The instruction sets have also changed drasti- 
cally, but the Pentium 4 can execute any instruction code that ran on the 8086, the 1979 
device that came after the 8080. 

The number of transistors available has a tremendous impact on the performance and the 
types of things that a microprocessor can do. For example, the large number of transistors 
on a chip has made a technology called pipelining possible. Basically, pipelining allows 
more than one instruction to be in the process of execution at one time. Also, modern mi- 
croprocessors have multiple instruction decoders, each with its own pipeline. This allows 
several streams of instructions to be processed simultaneously. 


| SECTION 12-2 : 
REVIEW - What are the four basic elements in a microprocessor? | 


. What are the three types of buses in a microprocessor? 
. What function does a microprocessor perform in a computer? 


. What are the three basic operations that a microprocessor performs? 


wm ff W DN = 


. What is pipelining? 
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The original Intel microprocessor family has undergone a tremendous change over the 
years from the 8086/8088 to the Pentium family, both in speed and in complexity. 
However, the basic register set and other features of the 8086/8088 have been retained 
(and expanded) throughout the evolutionary process so that all of the newer Intel 
processors respond to the same instructions (as well as a number of new instructions) 
as the original devices. This section starts with a limited introduction of basic concepts 
of microprocessor architecture, operation, and programming. The section ends with a 
brief overview of the principal changes to the register structure that forms the software 
model of the newer processors. The approach is to show a basic processor and discuss 
the enhancements to the Intel line as it has evolved. 


After completing this section, you should be able to 


= Discuss the basic microprocessor operation ®™ Describe the bus interface unit ™ State 
the purpose of the segment registers ™ State the purpose of the instruction pointer 

= Describe the execution unit ® Describe the general set of registers ™ State the 
purpose of the flag register ™ Discuss the software model of the Pentium processor 
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Basic Operation 


A microprocessor executes a program by repeatedly cycling through the following three steps: 


1. Fetch an instruction from memory and place it in the CPU. 


2. Decode the instruction; if other information is required by the instruction, fetch 
the other information. In the decode step, the program counter is updated to point 
to the next instruction. 


3. Execute the instruction (do what the instruction says). Results are returned to 
registers and memory during this step. 


The architecture of the 8086/8088 microprocessor provided for two separate internal 
units: the execution unit (EU), which executes instructions, and the bus interface unit 
(BIU), which interfaces with the system buses and fetches instructions, reads operands, and 
writes results. These units are shown in Figure 12-4. 


8086/8088 Microprocessor 


Execution unit Bus interface unit 


EU BIU 


@ Executes instructions @ Fetches instructions System 
m Reads operands | buses 
m Writes results 





& FIGURE 12-4 
The 8086/8088 has two separate internal units, the EU and the BIU. 


The BIU performs all the bus operations for the EU, such as data transfers from mem- 
ory or I/O. While the EU is executing instructions, the BIU “looks ahead” and fetches 
more instructions from memory. This action is called prefetching or pipelining. The con- 
cept of prefetching is to allow the processor to execute instructions at the same time as the 
next instruction was being fetched, eliminating idle time. The prefetched instructions are 
stored in an internal high-speed memory called the instruction queue (pronounced “Q’’). 
The queue allows the BIU to keep the EU supplied with instructions. The EU does not 
have to wait for the next instruction to be fetched from memory; but instead it retrieves the 
next instruction directly from the queue in much less time. In the Pentium, this process is 
taken a step further. Two complete execution units enable two instructions to execute at 
the same time provided they are independent. Certain compilers are designed to take ad- 
vantage of the two execution units by a process known as instruction pairing to remove 
dependencies. 


Basic 8086/8088 Architecture 


Figure 12—5 is a block diagram of the architecture (internal organization) of an 8088 mi- 
croprocessor. Externally, the 8088 had 20 address bits that could address 1 MB (1,048,576 
bytes) of memory and used an 8-bit data bus. Internally, the 8088 had a 16-bit data bus and 
a 4-byte queue. The 8086 was identical except that it had an external 16-bit data bus and a 
6-byte instruction queue. 
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EU BIU 


Address bus (20 bits) 


Z 
General registers 


Data bus (8 bits) 
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A FIGURE 12-5 


The internal organization of the 8088 microprocessor. 


The Bus Interface Unit (BIU) 


The major parts of the BIU are the 4-byte instruction queue, the segment registers (CS, DS, 
SS, and ES), the instruction pointer (IP), and the address summing block (2). The 16-bit in- 
ternal data buses and the Q bus interconnect the BIU and the EU. 


Instruction Queue The instruction queue increases the average speed with which a pro- 
gram is executed (called the throughput) by storing up to four bytes (six in the 8086). As 
described earlier, this technique allowed the 8088 essentially to do two things, fetch and ex- 
ecute, at one time. This feature has been expanded in subsequent processors to include 
much larger and faster queues. 


Segment Registers The 8086/8088 processors had four segment registers (CS, DS, SS, 
and ES) that were all 16-bit registers used in the process of forming a 20-bit address. A 
segment is a 64 kB block of memory and can begin at any point in the | MB (1,048,576 
bytes) of memory space, provided it begins on a 16-byte boundary (evenly divisible by 16). 

In designing the 8086/8088 and subsequent processors, Intel chose a unique method 
of generating the required 20-bit physical address using two 16-bit registers. One of the 
registers that formed the physical address (or actual) was always a segment register; the 
other register was a 16-bit general register containing address information. The princi- 
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pal advantage of the method selected was to allow codes to be easily relocatable. A 
relocatable code can be moved anywhere within the memory space without changing 
the basic code. 

Each of the four segments identify the starting address of a 64 kB (65,536-byte) block 
representing a “window” in the entire 1 MB (20-bit) memory space. The starting address of 
a segment is represented by the 16-bit number in the segment register plus an implied 4 bits 
appended to the right that are always assumed to be zero. In other words, the segment reg- 
isters contain the most significant 16 bits that represent the physical starting address of the 
segment. 

The four segment registers (CS, DS, SS, and ES) can be changed by the program to point 
to other 64 kB blocks if necessary. (For small codes, it is normally not necessary to change 
the segments.) The four segments can be separate locations within the memory space or can 
overlap, depending on the size and requirements of the particular code. They can even be 
defined as the same 64 kB block. In the 8086/8088, currently addressable memory segments 
were those defined by the segment address contained in the CS (code segment) register, the 
DS (data segment) register, the SS (stack segment) register, and the ES (extra segment) reg- 
ister. In later processors, other segment registers were added. 

As mentioned, within each segment are 64 kB of memory. To find a given memory lo- 
cation, a segment address is combined with an offset address. The segment address repre- 
sents the most significant sixteen bits (four hex digits) of the physical address which 
represent the beginning address of a segment. The offset address is sixteen additional bits 
that represent the distance from the start of the segment to the physical address within the 
segment. Figure 12-6 illustrates how the memory is divided into segments and shows ex- 
amples of nonoverlapping and overlapping segments. 


Physical Physical 
address address 
EEEEE BEEER [a 
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E0000 ss E0000 _ 
10000 D0000 | 


C0000 C0000 | 
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70000 Code segment 70000 - =— | 2. 
The code segment begins 60000 «ooo | Extra segment 


at segment address 6800 


and offset address 0000. 50000 50000 [Data segmen 


40000 


30000 | 


40000 | 





30000 P= — 
20000 50000 fh 


i000 | )=S 0000 |—i‘“‘C;C;™*™CSC 





00000 pea 0000 —— 
Nonoverlapping Overlapping 


Instruction Pointer (IP) and Address Summing Block The 16-bit IP (instruction pointer) 
points to the offset of the next instruction to be executed in memory. The IP always refer- 
ences the CS (code segment) register; thus, the physical address of the next instruction is 
formed by combining the code segment and the instruction pointer. The IP always contains 


@ FIGURE 12-6 


Nonoverlapping and overlapping 
segments in the first 1 MB of 
memory. Each segment represents 


64 kB. 
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the offset address of the next instruction, and the CS register always contains the segment 
address. This address is shown in assembly language as CS: IP. 

To form the 20-bit physical address of the next instruction, the 16-bit offset address 
in the IP is added to the segment address contained in the CS register, which has been 
shifted four bits to the left, as indicated in Figure 12—7. As mentioned earlier, an as- 
sumed binary 0000 is the least significant position. The addition is then done by the ad- 
dress summing block. 


» FIGURE 12-7 CS register 





Formation of the 20-bit physical 


16-bit segment base address 






address from the segment base 


address and the offset address. i tetera ean 


16-bit offset address pe 
pointer) 







20-bit physical address 





Figure 12-8 illustrates the addressing of a location in memory by the segment: offset 
method. In this figure, AOOO,, is in the segment register and AOBO,, is in the IP. When the 
CS register is shifted and added to the IP, we get AO000,, + AOBO,, = AAOBO,, for the 


physical address. 


Physical address 


» FIGURE 12-8 
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Base address 











EXAMPLE 12-1 | 
The hexadecimal contents of the CS register and the IP are shown in Figure 12-9. | 
Determine the physical address in memory of the next instruction. 


A034,< | CS 
° 


» FIGURE 12-9 





LSD position, as shown in Figure 12—10. The shifted base address and the offset 


Solution Shifting the CS base address left four bits (one hex digit) effectively places a 0;¢ in the 
address are added to produce the 20-bit physical address. | 
| 
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Base address Offset address Physical address | 
(shifted left 4 bits) of next instruction | 


Related Problem* Determine the physical address if the CS register contains 6B4D j¢. 


* Answers are at the end of the chapter. 


It is important to understand how the segment:offset method is used to form the physi- 
cal address; however, in programming work, it isn’t usually necessary for the programmer 
to specify actual physical addresses. This job is done by the assembler program using la- 
bels supplied by the programmer. When a physical address is required, the programmer 
generally specifies it with the segment:offset method. Thus, the address for Example 12-1 
would be given as simply A034:0FF2. 


The Execution Unit (EU) 


The EU decodes instructions fetched by the BIU, generates appropriate control signals, and 
executes the instructions. The main parts of the EU are the arithmetic logic unit (ALU), the 
general registers, and the flags. 


the ALU This unit does all the arithmetic and logic operations, working with either 8-bit 
or 16-bit operands. 


The General Registers This set of 16-bit registers is divided into two sets of four regis- 
ters each, as shown in Figure 12—11. One set consists of the data registers, and the other set 
consists of the pointer and index registers. The pointer and index registers are generally 
used to keep offset addresses (as used here, a pointer refers to a specific memory location). 
In the case of the stack pointer (SP) and the base pointer (BP), the default reference to form 
a physical address is the stack segment (SS). The index pointers (SI and DI) and the base 
register (BX) generally default to the data segment (DS) register (an exception is made for 
certain instructions to this general rule). 


Accumulator 
Base index 
Count 


Data 





SP Stack pointer 
Pointer 
& | Base pointer 


Sel 


SI Source index 


A FIGURE 12-11 





The general register set. 
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®» FIGURE 12-12 
The status and control flags. 


Each of the 16-bit data registers (AX, BX, CX, DX) has two separately accessible 8-bit 
sections. Depending on the program, they can be used either as a 16-bit register or as two 
8-bit registers. The low-order bytes of the data registers are designated as AL, BL, CL, and 
DL. The high-order bytes are designated as AH, BH, CH, and DH. These registers can be 
used in most arithmetic and logic operations in any manner specified by the programmer 
for storing data prior to and after processing. Also, some of these registers are used specif- 
ically by certain program instructions. 

The pointer and index registers are the stack pointer (SP), the base pointer (BP), the des- 
tination index (DJ), and the source index (SI). These registers are used in various forms of 
memory addressing under control of the EU. 


The Flags The flag register contains nine independent status and control bits (flags), as 
shown in Figure 12—12. A status flag is a one-bit indicator used to reflect a certain condi- 
tion after an arithmetic or logic operation by the ALU, such as a carry (CF), a zero result 
(ZF), or the sign of a result (SF), among others. The control flags are used to alter proces- 
sor Operations in certain situations. 


Control Status 
flags flags 


a. 


ae [or| sara Pr] or 





Carry 

Parity 

Aux Carry 

Zero 

Sign 

Overflow 
Interrupt enable 
Direction 

Trap 


Software Model of the Pentium Family of Processors 


As Intel introduced newer microprocessors, capabilities and speed increased dramati- 
cally. With the Pentium processor, the earlier pipeline concept introduced in the 
8086/8088 was increased to two-integer pipelines. The external coprocessor was incor- 
porated within the microprocessor, and address and data buses were greatly expanded. 
Other improvements (such as clock speed, reduced instruction clock cycles, branch pre- 
diction capability, and an integral floating-point unit) made the Pentium a significantly 
better processor than its predecessors. In addition to processor improvements, many im- 
provements to other parts of computers occurred (such as bus protocols and size, speed, 
memory size, and cost). Despite all of these changes, the designers of the newer proces- 
sors maintained compatibility with earlier software; that is, the newest Pentium could still 
run the software for any of the processors that preceded it. This was done by maintaining 
the basic software model (register structure) of the original 8086/8088 microprocessor. 

The registers described previously for the 8086/8088 microprocessor are a subset of the 
registers in the Pentium family of processors. Beginning with the 80386 processor, the reg- 
ister set was expanded to include 32-bit registers. The 32-bit registers kept the original 
names but an E (for Extended) was added as a prefix to the register names; thus, the 32-bit 
designation for the AX register is the EAX. In addition, two new segment registers were 
added. The extended registers are shown in Figure 12-13. The gray areas represent the reg- 
isters only available on the 386 and above. 

In addition to the extended registers, the addressable space in memory was increased 
dramatically with the introduction of newer processors. To keep the upward compatibility, 
Intel reserved the first 1 MB of memory for codes running in real mode. Real mode is any 
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32-bit names Name «@ FIGURE 12-13 
EAX PSM «CAB AK AL | Accumulator Registers for the Intel processors from 
EBX [| 23H BK BL | Base index 8086/8088 through Pentium. 
EDX Data 
ESP Stack pointer 
EBP Base pointer 
EDI Destination index 
ESI Source index 


32. 0s 
[—- 16 bits 


erie [| ITI MI AW Fiee 


Gray areas are for 
80386 and above 





operation that allows the processor to only access the first | MB of memory to simulate the 
8086/8088. Code written for an earlier processor can run in real mode on a newer proces- 
sor (although the reverse is not strictly true). Code written in real mode is generally com- 
patible (with some exceptions) with all of the Intel processors from the 8086/8088 upward. 


| SECTION 12-3 
| REVIEW . Name the general-purpose registers in the Intel microprocessor. 


. What is the purpose of the BIU? 
. Does the EU interface with the system buses? 
. What is the function of the instruction queue? 


. What is the advantage of the segment:offset method of forming addresses? 


O WU Ff W DN _ 


. What is instruction pairing? 


j4eea COMPUTER PROGRAMMING 


Assembly language is a way to express machine language in English-like terms, so there 
is a one-to-one correspondence. Assembly language has limited applications and is not 
portable from one processor to another, so most computer programs are written in high- 
level languages such as C, C++, JAVA, BASIC, COBOL, and FORTRAN. High-level 
languages are portable and therefore can be used in different computers. High-level 
languages must be converted to the machine language for a specific microprocessor by a 
process called compiling. 


After completing this section, you should be able to 


= Describe some programming concepts ® Discuss the levels of programming 


languages 
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Levels of Programming Languages 


A hierarchy diagram of computer programming languages relative to the computer hard- 
ware is shown in Figure 12-14. At the lowest level is the computer hardware (CPU, 
memory, disk drive, input/output). Next is the machine language that the hardware un- 
derstands because it is written with 1s and Os (remember, a logic gate can recognize only 
a LOW (0) or a HIGH (1). At the level above machine language is assembly language 
where the Is and Os are represented by English-like words. Assembly languages are con- 
sidered low-level because they are closely related to machine language and are machine 
dependent, which means a given assembly language can only be used on a specific 
microprocessor. 


» FIGURE 12-14 oS Ces 


Se 


Hierarchy of programming languages High-level language 
¢ Closer to human language 


relative to computer hardware. 
¢ Portable 


Assembly language 
e English-like terms representing 
binary code 
¢ Machine dependent 
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Computer hardware (the “‘machine’’) 
“CPU 
¢ Memory (RAM, ROM) 
¢ Disk drives 
¢ Input/Output 


At the level above assembly language is high-level language, which is closer to human 
language and further from machine language. An advantage of high-level language over as- 
sembly language is that it is portable, which means that a program can run on a variety of 
computers. Also, high-level language is easier to read, write, and maintain than assembly 
language. Most system software (e.g., Windows and Unix), and applications software (e.g., 
word processors and spreadsheets) are written with high-level languages. 


Assembly Language 


To avoid having to write out long strings of 1s and Os to represent microprocessor instruc- 
tions, English-like terms called mnemonics or op-codes are used. Each type of micro- 
processor has its own set of mnemonic instructions that represent binary codes for the 
instructions. All of the mnemonic instructions for a given microprocessor are called the in- 
struction set. Assembly language uses the instruction set to create programs for the micro- 
processor; and because an assembly language is directly related to the machine language 
(binary code instructions), it is classified as a low-level language. Assembly language is one 
step removed from machine language. 

Assembly language and the corresponding machine language that it represents is spe- 
cific to the type of microprocessor or microprocessor family. Assembly language is not 
portable; that is, you cannot run an assembly language program written for one type of mi- 
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croprocessor on another type of microprocessor. For example, an assembly program for the 
Motorola processors will not work on the Intel processors. Even within a given family dif- 
ferent microprocessors may have different instruction sets. 

An assembler is a program that converts an assembly language program to machine lan- 
guage that is recognized by the microprocessor. Also, programs called cross-assemblers 
translate an assembly language program for one type of microprocessor to an assembly lan- 
guage for another type of microprocessor. 

Assembly language is rarely used to create large application programs. However, as- 
sembly language is often used in a subroutine (a small program within a larger program) 
that can be called from a high-level language program. Assembly language is useful in sub- 
routine applications because it usually runs faster and has none of the restrictions of a high- 
level language. Assembly language is also used in machine control, such as for industrial 
processes. Another area for assembly language is in video game programming. 


Conversion of a Program to Machine Language 


All programs written in either an assembly language or a high-level language must be con- 
verted into machine language in order for a particular computer to recognize the program 
instructions. 


Assemblers Anassembler translates and converts a program written in assembly language 
into machine code, as indicated in Figure 12—15. The term source program is often used 
to refer to a program written in either assembly or high-level language. The term object 
program refers to a machine language translation of a source program. 





Assembly language Machine language 


program woe Assembler —— program 
(Source program) _ (Object program) 


Compilers A compiler is a program that compiles or translates a program written in a 
high-level language and converts it into machine code, as shown in Figure 12—16. The com- 
piler examines the entire source program and collects and reorganizes the instructions. 
Every high-level language comes with a specific compiler for a specific computer, making 
the high-level language independent of the computer on which it is used. Some high-level 
languages are translated using what is called an interpreter that translates each line of pro- 
gram code to machine language. 





High-level language 
program —, Compiler — _ program — 
(Source program) (Object program) 


All high-level languages, such as C, C++, FORTRAN, and COBOL, will run on any 
computer. A given high-level language is valid for any computer, but the compiler that goes 
with it is specific to a particular type of CPU. This is illustrated in Figure 12-17, where the 
same high-level language program (written in C+ + in this case) is converted by different 
machine-specific compilers. 


Example of an Assembly Language Program For a simple assembly language program, 
let’s say that we want the computer to add a list of numbers from the memory and place the 


“@ FIGURE 12-15 


Assembly to machine conversion 


using an assembler. 


«@ FIGURE 12-16 


High-level to machine conversion 
with a compiler. 
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» FIGURE 12-17 


Machine independence of a 
program written in a high-level 
language. 





sum of the numbers back into the memory. A zero is used as the last number in the list to in- 
dicate the end of the list of numbers. The steps required to accomplish this task are as follows: 


Clear a register (in the microprocessor) for the total or sum of the numbers. 
Point to the first number in the memory (RAM). 


Check to see if the number is zero. If it is zero, all the numbers have been added. 


1. 
2 
3. 
4. If the number is not zero, add the number in the memory to the total in the register. 
5. Point to the next number in the memory. 

6. 


Repeat steps 3, 4, and 5. 


A flowchart is often used to diagram the sequence of steps in a computer program. 
Figure 12—18 shows the flowchart for the program represented by the six steps listed above. 

The assembly language program implements the addition problem shown in the flow- 
chart in Figure 12—18. Two of the registers in the microprocessor are named ax and bx. The 
comments preceded by a semicolon are not recognized by the microprocessor; they are for 
explanation only. 


mov ax,0 ;Replaces the contents of the ax register with zero. 
;Register ax will store the total of the addition. 
mov bx,50H ;Places memory address hexadecimal 50 into the bx register. 


next: cmo word ptr [bx], 0 ;Compares the number stored in the memory location pointed to by 
;the bx register to zero. 


jz done ;If the number in the memory location is zero, jump to “done”. 


add ax; [bx] ;Add the number in the memory location pointed to by the bx register to 
;the number in the ax register and place the sum into the ax register. 


add bx,02 ;2 is added to the address in the bx register. Two addresses are 
;required to store each number which is two bytes long. 


jmp next ;Loop back to “next” and repeat the process. 


done: mov [bx],ax ;Replace the zero last number in the memory location pointed to by the 
;bx register with the total in the ax register. 


nop ;No operation, this indicates the end of the program. 
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Flowchart for adding a list of 
numbers. 
Initialize total 
to zero. 
Point to first 
number. 


Is number 
= zero? 


No 
Add number 
to total. 
Point to next 
number. 










Depending on the assembler, most programs in assembly language will have a number 
of assembler directives that are used by the assembler to do a variety of tasks. These tasks 
include setting up segments, using the appropriate instruction set, describing data sizes, and 
performing many other “housekeeping” functions. To simplify the explanation, only one di- 
rective (required) was shown in the preceding program. The directive was word ptr, which 
is used to indicate the size of the data pointed to by the BX register. 


The Debug Assembler 


With a few small changes, you can run the preceding program, if you choose, by using a 
built-in assembler, present in DOS-based PCs. You will be able to observe it execute step 
by step. All DOS-based PCs have a program called Debug that includes a primitive assem- 
bler. To use Debug, go into DOS and type Debug<cr> at the DOS prompt. (<er> stands for 
“carriage return,’ which means to press the key.) You should see a minus sign, 
which is the Debug prompt. Debug has a number of commands to observe or enter data or 
programs. The complete list of Debug commands will be shown if you type ? at the Debug 
prompt. Before writing and executing an assembly program, you can enter some data by 
typing the information shown in red: 


—a 50 


This tells Debug to start assembling instructions at the current data segment at an off- 
set of SOH. Although these are data that are being entered, it is simpler to enter a 16-bit 
word this way. (Keep in mind that all data in Debug is entered in HEX.) Debug responds 
with a segment address, which will undoubtedly be different than that shown (20D8), but 
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it doesn’t matter. The offset address (50H) will be the same. Type the information shown 
in red (remember each <cr> means press the key). 


Z20D8=0050 dw 30 <cr> 
20D8: 0052 dw 15 <cr> 
20D8:0054 dw a0 <cr> 
20D820056 aw 0c <cr> 
ZA20D8:0058 dw 00 <cer> 


Se Gl 


The dw is an assembler directive. It is not stored itself; it merely informs the assembler 
that each data point is two bytes long. In the data shown, only one byte is used, but the pro- 
gram will save each point in two locations with a zero in the high-order position. 

You can now enter the program at location 100 as follows: 


ANDB201L00 mov amx,0 =cr= 

20D8 201038 mov bx,50 <cr> 

20D8': 0106 “emp word ptr [bx],0 <cr> 
20DB30L09 je 112 <ars 

Z20D8s OLOB atid ax, [px]. <crs> 

AQDS: OLO0D add bx, 2 <cr>= 

Z20D6: O1L10 jmp 106 <cr> 

20DS': ULI? mov. [Dbx)],ax <cr> 

Z20DB82 0114 nop <tr> 

Z20D03% 01 1S, «ers 


To confirm that the program has been entered correctly, you can type u 100 114 at the 
Debug prompt, and the code you typed will be shown on the screen. (It will be shown in 
capital letters). Now type r after the Debug prompt, and a list of the 16-bit registers and con- 
dition of the flags will appear. Notice that the IP should have 100, the starting address of the 
code. Underneath the list of registers, the first instruction (MOV AX, 0000) will be shown. 

You can cause Debug to execute this instruction with the t (trace) command. This will 
bring onto the screen the latest condition of all of the registers and show the next instruc- 
tion (MOV BX, 0050). Executing this with a t command will show that the number 0050 
has been moved into the BX register. The steps up to this point are shown in Figure 12-19. 
Notice that the first data point is shown in the lower right. 

Continuing in this way, you can execute the entire code and observe the changes to the 
registers as the microprocessor follows the instructions, as shown in Figure 12—20. This 
program has a common programming structure called a Joop. A loop is a repetitive group 
of instructions that are executed until some condition is met; in this case, the condition is 
finding a zero in the data. After the zero has been found, the last instruction will be exe- 
cuted and the sum will be stored (in this case, OOF1 is the hex sum) in place of the zero that 
indicated the last data point. You can observe this by pressing d 0050 005F (display between 
addresses 0050 and QOSF) at the Debug prompt when you reach the last instruction (NOP), 
as shown in Figure |2—20. The result appears as the 9th and 10th bytes (the 5th word) on 
the line following the display instruction. Notice that the least significant part of the answer 
is Shown first. When executed in “real time” by the microprocessor, this program actually 
uses only about | ys to do this entire process. If you choose to repeat the process, you will 
need to reload the zero at location 0058 because it has been replaced with the sum. (Recall 
that the program uses the zero as a “last data point” sensor.) 


—u 100 114 
20D8:0100 B80000 
20D8:0103 BB5000 
20D8:0106 833F00 
20D8:0109 7407 
20D8:010B 0307 
20D8:010D 83C302 
20D8:0110 EBF4 
20D8:0112 8907 
20D8:0114 90 

—r 


AX=0000 BX=0000 
DS=20D8 ES=20D8 
20D8:0100 B8000 
oI 5 

AX=0000 BX=0000 
DS=20D8 ES=20D8 
20D8:0103 BB5000 
—t 

AX=0000 BX=0050 
DS=20D8 ES=20D8 


20D8:0106 833F00 
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SI=0000 


SI=0000 


SI=0000 


COMPUTER PROGRAMMING &® 713 


DI=0000 


DI=0000 


DI=0000 


DS :0050=0030 


MOV AX ,0000 
MOV BX , 0050 
CMP WORD PTR [BX],+00 
AZ 0112 
ADD AX, [BX] 
ADD BX, +02 
JMP 0106 
MOV [BX] , AX 
NOP 
CX=0000 DX=0000 SP=FFEE BP=0000 
SS=20D8 CS=20D8 IP=0100 NV UP EI PL ZR NA PE NC 
MOV AX ,0000 
CX=0000 DX=0000 SP=FFEE BP=0000 
SS=20D8 CS=20D8 IP=0103 NV UP EI PL ZR NA PE NC 
MOV BX , 0050 
CX=0000 DX=0000 SP=FFEE BP=0000 
SS=20D8 CS=20D8 IP=0106 NV UP EI PL ZR NA PE NC 
CMP WORD PTR [BX],+00 


Steps in beginning to execute the addition program with Debug. 


DS=20D8 ES=20D8 SS=20D8 CS= 
20D8:0110 EBF4 JMP 

—=t 

AX=00F1 BX=0058 CX=0000 DX= 
DS=20D8 ES=20D8 SS=20D8 CS= 
20D8:0106 833F00 CMP 

ea 

AX=00F1 BX=0058 CxX=0000 DX= 
DS=20D8 ES=20D8 $S=20D8 CS= 
20D8:0109 7407 JZ 

=U 

AX=00F1 BX=0058 CX=0000 DxX= 
DS=20D8 ES=20D8 S$S=20D8 CS= 
20D8:0112 8907 MOV 

=U 

AX=00F1 BX=0058 CxX=0000 DX= 
DS=20D8 ES=20D8 S$S=20D8 CS= 
20D8:0114 90 NOP 

—d 0050 OO05f 


20D8:0050 
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Original data 


20D8 IP=0110 NV UP 
0106 


0000 SP=FFEE BP=0000 
20D8 IP=0106 NV UP 
WORD PTR [BX],+00 


0000 SP=FFEE BP=0000 
20D8 IP=0109 NV UP 
0112 


OOOO SP=FFEE BP=0000 
20D8 IP=0112 NV UP 
[BX] ,AX 


0000 SP=FFEE 
20D8 IP=0114 


BP=0000 


30 00 15 00 AO 00 OC 00-F1 00 00 00 00 20 20 20 
ee 


Sum 


Last portion of tracing the addition program. The sum OOF1 is shown in blue with the low part (F1) 
given first. 


EI PL NZ NA PO NC 


DI=0000 


EI PL NZ NA PO NC 


DS :0058=0000 


DI=0000 


EI PL ZR NA PE NC 


DI=0000 


EI PL ZR NA PE NC 


DS :0058=0000 


DI=0000 


NV UP EI PL ZR NA PE NC 


ig He 
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repeat : 


check: 


EXAMPLE 12-2 


mov 
mov 
cmp 
jbe 
mov 
add 
cmp 
1nzZ 
mov 


nop 





Write the instructions for an assembly language program that will find the largest 
unsigned number in the data and place it in the last position. Assume the last data 


point is signaled with a zero. 
















Solution The flowchart is shown in Figure 12-21. 
» FIGURE 12-21 
Flowchart. The variable BIG Initialize BIG 
represents the largest value. {0 ZErO. 
Point to first 
number. 
Is number 
> BIG? 
Replace B/G 
with number. 
Point to 
next number. 
The data is assumed to be the same as before. The program listing (with comments) is 
as follows: 
ax, 0000 ; initial value of BIG is in the ax register 
bx, 0050 ; point to a location in memory (50H) where the data starts 
[bx] ,ax ; is the data point larger than BIG? 
check ; if the data point is smaller, go to “check” 
ax, [bx] ; otherwise, put new largest data point in ax 
bx, 02 ; point to the next number in memory (two bytes per word) 
word ptr [bx] ,0 ; test for last data point 
repeat ; continue if the data point is not a zero 
[Dx] , ax ; save BIG in memory 


; no operation 


The Debug listing of this program is shown in Figure 12-22. Data are entered in the 
same way as before starting at location 0050. In this case the same data are used, but you 
may choose new data if you prefer. It is important that a zero be entered as the last data 
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point because the program continues until it finds this point. The zero is replaced each 
time the program is run with the largest data point. The program is entered by starting 
the assembly at location 100 by entering the program after the a 100 command is issued. 


» FIGURE 12-22 


Listing of Debug portion of program. =a 100 
20D8:0100 mov ax,O 
20D8:0103 mov bx,50 
20D8:0106 cmp [bx] ,ax 
20D8:0108 jbe 10c 
20D8:010A mov ax, [bx] 
20D8:010C add bx,2 
20D8:010F cmp word ptr [bx],0 
20D8:0112 jnz 106 
20D8:0114 mov [bx],ax 
20D8:0116 nop 
20D8:0117 


The program can be traced to watch the execution, one step at a time. Alternatively, 
you can enter g = 100 116 to “go” between address 100 and 116. Figure 12—23 shows 
the data before and after execution. Note that each data point is stored in two bytes 
(although the data is only one byte long) because the data was defined as words. Also, 
note that the low byte preceded the high byte in memory. After the program is run, the 
last data point (formerly zero) is seen to be equal to the largest value (AO in this 
example). This value is seen to be in both the AX register and in memory. 


—a 100 

20D8:0100 mov ax,O 

20D8:0103 mov bx,50 

20D8:0106 cmp [bx] ,ax 

20D8:0108 jbe 10c 

20D8:010A mov ax, [bx] 

20D8:010C add bx,2 

20D8:010F cmp word ptr [bx],0 

20D8:0112 jnz 106 

20D8:0114 mov [bx],ax 

20D8:0116 nop 

20D8:0117 End of data signal 
—d 50 5f yea 
20D8: 0050 30 00 15 00 AO OO OC 00-00 00 OO OO 00 20 20 20 FE ict ln aa pha 
—g= 100 116 SS ,_——_ 


Data before executing program 


AX=00A0 BX=0058 CX=0000 DX=0000 SP=FFEE BP=0000 SI=0000 DI=0000 
DS=20D8 ES=20D8 SS=20D8 CS=20D8 IP=0116 NV UP EI PL ZR NA PE NC 
20D8:0116 90 NOP 

—d 50 Sf 

20D8:0050 30 00 15 00 AO 00 OC O00-AOD 00 OO OO 00 20 20 20 OF g fi ten = 2 LSS 


Data are unchanged. | 


End of data now has 
largest data point. 





A FIGURE 12-23 


Data before and after a run. 


Related Problem Explain how you could change the flowchart to find the smallest number in the list 
instead of the largest. 
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Types of Instructions 


The programs in this section only show a few of the hundreds of variations of instructions 
available to programmers. To simplify learning the Intel instruction set, instructions are di- 
vided into seven categories. These categories are described here. 


Data Transfer The most basic data transfer instruction MOV was introduced in the ex- 
ample programs. The MOV instruction, for example, can be used in several ways to copy 
a byte, a word (16 bits), or a double word (32 bits) between various sources and destina- 
tions such as registers, memory, and I/O ports. (A better mnemonic for MOV might have 
been “COPY” because this is what the instruction actually does.) Other data transfer in- 
structions include IN (get data from a port), OUT (send data to a port), PUSH (copy data 
onto the stack, a separate area of memory), POP (copy data from the stack), and XCHG 
(exchange). 


Arithmetic There are anumber of instructions and variations of these instructions for ad- 
dition, subtraction, multiplication, and division. The ADD instruction was used in both ex- 
ample programs. Other arithmetic instructions include INC (increment), DEC 
(decrement), CMP (compare), SUB (subtract), MUL (multiply), and DIV (divide). Varia- 
tions of these instructions allow for carry operations and for signed or unsigned arithmetic. 
These instructions allow for specification of operands located in memory, registers, and 
I/O ports. 


Bit Manipulation This group of instructions includes those used for three classes of op- 
erations: logical (Boolean) operations, shifts, and rotations. The logical instructions are 
NOT, AND, OR, XOR, and TEST. An example of a shift instruction is SAR (shift arith- 
metic right). An example of a rotate instruction is ROL (rotate left). When bits are shifted 
out of an operand, they are lost; but when bits are rotated out of an operand, they are looped 
back into the other end. These logical, shift, and rotate instructions can operate on bytes or 
words in registers or memory. 


Loops and Jumps These instructions are designed to alter the normal (one after the other) 
sequence of instructions. Most of these instructions test the processor’s flags to determine 
which instruction should be processed next. In Example 12-2, the instructions JBE and JNZ 
were used to alter the path. Other instructions in this group include JMP (unconditional 
jump), JA Gump above), JO Gump overflow), LOOP (decrement the CX register and repeat 
if not zero) and many others. 


Strings A string is a contiguous (one after the other) sequence of bytes or words. Strings 
are common in computer programs. A simple example is a sentence that the programmer 
wishes to display on the screen. There are five basic string instructions that are designed to 
copy, load, store, compare, or scan a string—ceither as a byte at a time or a word at a time. 
Examples of string instructions are MOVSB (copy a string, one byte at a time) and 
MOVSW (copy a string, one word at a time). 


Subroutine and Interrupts A subroutine is a miniprogram that can be used repeatedly 
but programmed only once. For example, if a programmer needs to convert ASCII num- 
bers from a keyboard to a BCD format, a simple programming structure is to make the 
required instructions a separate process and “call” the process whenever necessary. In- 
structions in this group include CALL (begin the subroutine) and RET (return to the main 
program). 


Processor Control This is a small group of instructions that allow direct control of some 
of the processor’s flags and other miscellaneous tasks. An example is the STC (set carry 
flag) instruction. 


COMPUTER PROGRAMMING 


High-Level Programming 


The basic steps to take when you write a high-level computer program, regardless of the 
particular programming language that you use, are as follows: 


1. 


Determine and specify the problem that is to be solved or task that is to 
be done. 


Create an algorithm; that is, develop a series of steps to accomplish the task. 


Express the steps using a particular programming language and enter them on the 
software text editor. 


Compile (or assemble) and run the program. 


A simple program will show an example of high-level programming. The following 
C++ program implements the same addition problem defined by the flowchart in Figure 
12—18 and implemented using assembly language. 


ifit. tetel = 0; fJTHiitisligze the total to 0. 


while (*number ! = 0X00) //Loop while the value is not found. The 


{ 


//asterisk preceding the pointer identifier 
//number says that the contents of the 
//memory location pointed to by the 


//identifier number are being evaluated. 


total = total + *number: //Accumulative summation of total. 


rumber+ + ; //Increment pointer to next number in memory. 


} 


This C++ program is equivalent to the assembly program that adds a series of numbers 
and produces a total value. 


in total = 0; mov ax, 0 
while (*number ! = 0X00) mov bx; 50H 
{ next: cCiip word pry [be], 0 
total = total + *number; jz done 
numoernt +} a> add ax, [bx] 
} Equivalent add bx, 02 
jmp next 
RS es done: mov [bx], ax 
nop 


Assembly 
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| | SECTION 12-4 
REVIEW 


1. Define program. 
2. What is an op-code? 
3. What is a string? 





4225_ INTERRUPTS 


In this section, the establishment of communications between a peripheral and the 
CPU is presented. Three methods are discussed: polled I/O, interrupt-driven I/O, and 
software interrupts. 


After completing this section, you should be able to 


= Discuss the need for interrupts in a computer system ® Describe the basic concept 
of a polled I/O ® Describe the basic concept of an interrupt-driven I/O ®™ Discuss a 
software interrupt 


In microprocessor-based systems such as the personal computer, peripheral devices re- 
quire periodic service from the CPU. The term service generally means sending data to or 
taking data from the device or performing some updating process. There are three ways that 
a service routine can be started: polled I/O, interrupt driven I/O, or software interrupts. Re- 
call that an interrupt is a signal or instruction that causes the current process to be tem- 
porarily stopped while a service routine is run. 

In general, peripheral devices are very slow compared with the CPU. A printer may av- 
erage only a few characters per second (one character is represented by eight bits), de- 
pending on the type of material being printed and the type of printer. A keyboard input rate 
may be one or two characters per second, depending on the speed of the operator. So, in be- 
tween the times that the CPU is required to service a peripheral, it can do a lot of process- 
ing. In most systems, this processing time must be maximized by using an efficient method 
of servicing the peripherals. 


Polled I/O 


One method of servicing the peripherals is called polling. In this method, the CPU must test 
each peripheral device in sequence at certain intervals to see if it needs or is ready for ser- 
vicing. Figure 12—24 illustrates the basic polled I/O method. 

The CPU sequentially selects each peripheral device via the multiplexer to see if it needs 
service by checking the state of its ready line. Certain peripherals may need service at ir- 
regular and unpredictable intervals, that is, more frequently on some occasions than on oth- 
ers. Nevertheless, the CPU must poll the device at the highest rate. For example, let’s say 
that a certain peripheral occasionally needs service every 1000 ys but most of the time re- 
quires service only once every 100 ms. As you can see, precious processing time is wasted 
if the CPU polls the device, as it must, at its maximum rate (every 1000 ps) because most 
of the time the device will not need service when it is polled. 

Each time the CPU polls a device, it must stop the program that it is currently process- 
ing, go through the polling sequence, provide service if needed, and then return to the point 
where it left off in its current program. 

Another problem with the sequentially polled I/O approach is that if two or more de- 
vices need service at the same time, the first one polled will be serviced first; the other de- 
vices will have to wait although they may need servicing much more urgently than the 
first device polled. As you can see, polling is suitable only for devices that can be ser- 
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A FIGURE 12-24 
The basic polled I/O configuration. 


viced at regular and predictable intervals and only in situations in which there are no pri- 
ority considerations. 


_Interrupt-Driven I/O 


This approach overcomes the disadvantages of the polling method. In the interrupt-driven 
method, the CPU responds to a need for service only when service is requested by a pe- 
ripheral device. Thus, the CPU can concentrate on running the current program without 
having to break away unnecessarily to see if a device needs service. 

When the CPU receives an I/O interrupt signal, it temporarily stops its current program, 
acknowledges the interrupt, and fetches a special program (service routine) from memory 
for the particular device that has issued the interrupt. When the service routine is complete, 
the CPU returns to where it left off. 

A device called a programmable interrupt controller (PIC) handles the interrupts on a 
priority basis. It accepts service requests from the peripherals. If two or more devices re- 
quest service at the same time, the one assigned the highest priority is serviced first, then 
the one with the next highest priority, and so on. After issuing an interrupt (/NTR) signal to 
the CPU, the PIC provides the CPU with information that “points” the CPU to the begin- 
ning memory address of the appropriate service routine. This process is called vectoring. 
Figure 12—25 shows a basic interrupt-driven I/O configuration. 


Software Interrupts 


Another type of interrupt is called a software interrupt. Software interrupts are program 
instructions that can invoke the same service routines described previously. The difference 
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A FIGURE 12-25 





A basic interrupt-driven I/O configuration. 


is they are invoked from software rather than from external hardware. When invoked, the 
interrupt service routine executes exactly as if a hardware interrupt had occurred. The first 
five interrupts are defined by Intel. Others are defined by the BIOS and by DOS to perform 
many of the I/O operations, such as reading and writing data to the disk, writing data to the 
display, and reading data from the keyboard. 


| [secrion 12-5 
| REVIEW 1. How does an interrupt-driven I/O differ from a polled |/O? 


| 2. What is the main advantage of an interrupt-driven I/O? 
| 3. What is a software interrupt? 


1226 DIRECT MEMORY ACCESS (DMA) 


In this short section, the technique of data transfer called direct memory access (DMA) 
is defined. A comparison of a CPU-handled transfer and a DMA transfer is presented. 


After completing this section, you should be able to 


= Define the term DMA = Compare a memory I/O data transfer handled by the CPU 
to a DMA transfer 


DIRECT MEMORY ACCESS (DMA) ® 


All I/O data transfers discussed so far have passed through the CPU. For example, 
when data are to be transferred from RAM to a peripheral device, the CPU reads the first 
data byte from the memory and loads it into an internal register within the microproces- 
sor. Then the CPU writes the data byte to the appropriate I/O port. This read/write oper- 
ation is repeated for each byte in the group of data to be transferred. Figure 12-26 
illustrates this process. 
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A FIGURE 12-26 
A memory I/O transfer handled by the CPU. 


For large blocks of data, intermediate stops by the microprocessor consume a lot of time. 
For this reason, many systems use a technique called DMA (direct memory access) to speed 
up data transfers between RAM and certain peripheral devices. Basically, DMA bypasses 
the CPU for certain types of data transfers, thus eliminating the time consumed by the nor- 
mal fetch and execute cycles required for each read or write operation. 

For direct memory transfers, a device called the DMA controller takes control of the 
system buses and allows data to flow directly between RAM and the peripheral device, 
as indicated in Figure 12—27. Transfers between the disk drive and RAM are particularly 
suited for DMA because of the large amounts of data involved and the serial nature 
of the transfers. The DMA controller can handle data transfers several times faster than 
the CPU. 
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| SECTION 12-6 
| REVIEW 


INTRODUCTION TO COMPUTERS 


1. What does DMA stand for? 


2. Discuss the advantage of DMA, and give an example of a type of transfer for which 
it is often used. 


27 INTERNAL INTERFACING 


As you have seen, all the components in a computer are interconnected by buses, 
which serve as communication paths. Physically, a bus is a set of conductive paths that 
serves to interconnect two or more functional components of a system or several 
diverse systems. Electrically, a bus is a collection of specified voltage levels and/or 
current levels and signals that allow the various devices connected to the bus to work 
properly together. 


After completing this section, you should be able to 


= Discuss the concept of a multiplexed bus ™ Explain the reason for tristate outputs 


Basic Multiplexed Buses 


In computers the microprocessor controls and communicates with the memories and the 
input/output (I/O) devices via the internal bus structure, as indicated in Figure 12-28. A 
bus is multiplexed so that any of the devices connected to it can either send or receive data 
to or from one of the other devices. A sending device is often called a source, and a re- 
ceiving device is often called an acceptor. At any given time, there is only one source ac- 
tive. For example, the RAM may be sending data to the input/output (I/O) interface under 
control of the microprocessor. 





Microprocessor BAM 2 ROM I/O Interface 


Bus 


A FIGURE 12-28 


The interconnection of microprocessor-based system components by a bidirectional, multiplexed bus. 


Bus Signals 


With synchronous bus control, the microprocessor usually originates all control and timing 
signals. The other devices then synchronize their operations to those control and timing sig- 
nals. With asynchronous bus control, the control and timing signals are generated jointly by 
a source and an acceptor. The process of jointly establishing communication is called 
handshaking. A simple example of a handshaking sequence is given in Figure 12-29. 

An important control function is called bus arbitration. Arbitration prevents two 
sources from trying to use the bus at the same time. 
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«@ FIGURE 12-29 
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~Connecting Devices to a Bus 


Tristate buffers are normally used to interface the outputs of a source device to a bus. Usu- 
ally more than one source is connected to a bus, but only one can have access at any given 
time. All the other sources must be disconnected from the bus to prevent bus contention. 
Tristate circuits are used to connect a source to a bus or disconnect it from a bus, as il- 
lustrated in Figure 12—30(a) for the case of two sources. The select input is used to connect 
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Tristate buffer interface to a bus. 
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» FIGURE 12-32 
Tristate buffer symbols. 


either source A or source B but not both at the same time to the bus. When the select input 
is LOW, source A is connected and source B is disconnected. When the select input is 
HIGH, source B is connected and source A is disconnected. A switch equivalent of this ac- 
tion is shown in part (b) of the figure. 

When the enable input of a tristate circuit is not active, the device is in a high-impedance 
(high-Z) state and acts like an open switch. Many digital ICs provide internal tristate buffers 
for the output lines. A tristate output is indicated by a V symbol as shown in Figure 12-31. 


» FIGURE 12-31 
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Tristate Buffer Operation Figure 12—32(a) shows the logic symbol for a noninverting 
tristate buffer with an active-HIGH enable. Part (b) of the figure shows one with an active- 
LOW enable. 


Input Output Input Output 


Enable Enable 
(a) Active-HIGH enable (b) Active-LOW enable 


The basic operation of a tristate buffer can be understood in terms of switching action as 
illustrated in Figure 12—33. When the enable input is active, the gate operates as a normal 
noninverting circuit. That is, the output is HIGH when the input is HIGH and LOW when 
the input is LOW, as shown in parts (a) and (b) respectively. The HIGH and LOW levels 
represent two of the states. The buffer operates in its third state when the enable input is not 
active. In this state, the circuit acts as an open switch, and the output is completely discon- 
nected from the input, as shown in part (c). This is sometimes called the high-impedance or 
high-Z state. 


‘ ;, : LOW or Disconnected 
HIGH HIGH LOW LOW HIGH (high-Z) 
HIGH HIGH LOW 


(a) (b) (c) 
A FIGURE 12-33 


Tristate buffer operation. 


Many microprocessors, memories, and other integrated circuit functions have tristate 
buffers that serve to interface with the buses. Such buffers are necessary when two or more 
devices are connected to a common bus. To prevent the devices from interfering with each 
other, the tristate buffers are used to disconnect all devices except the ones that are com- 
municating at any given time. 


INTERNAL INTERFACING ® 725 


Bus Contention 


Bus contention occurs when two or more devices try to output opposite logic levels on the 
same common bus line. The most common form of bus contention is when one device has 
not completely turned off before another device connected to the bus line is turned on. This 
generally occurs in memory systems when switching from the READ mode to the WRITE 
mode or vice versa and is the result of a timing problem. 


‘Multiplexed 1/Os 


Some devices that send and receive data have combined input and output lines, called I/O 
ports, that must be multiplexed onto the data bus. Bidirectional tristate buffers interface this 
type of device with the bus, as illustrated in Figure 12—34(a). 
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Each I/O port has a pair of tristate buffers. When the SVD/RCV(Send/Receive) line is 
LOW, the upper tristate buffer in each pair is enabled and the lower one disabled. In this 
state, the device is acting as a source and sending data to the bus. When the SVD/RCV line 
is HIGH, the lower tristate buffer in each pair is enabled so that the device is acting as an 
acceptor and receiving data from the bus. This operation is illustrated in Figure 12—34(b). 
Some devices provide for multiplexed I/O operation with internal circuitry. 


| [section 12-7 
[Review 1. Why are tristate buffers required to interface digital devices to a bus? 


| 2. What is the purpose of a bus system? 


<< FIGURE 12-34 


Multiplexed I/O operation. 
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WS STANDARD BUSES 


A bus can be thought of as a “highway” for digital signals; it consists of a set of 
physical connections (printed circuit traces or wires) over which the data and other 
information are moved from one place to another. A bus also consists of a standard set 
of specifications that designate the characteristics and types of signals that can travel 
along its pathway. Internal buses interconnect the various components within a 
computer system: the processor, memory, disk drive, controller, and interface cards. 
External or I/O buses provide for transfer of digital signals between a computer and 
the “outside world” and interface the computer with peripheral equipment (a video 
monitor, keyboard, mouse, and printer) or with other equipment that is to be controlled 
by a computer, such as test and measurement instruments. 


After completing this section, you should be able to 


= Discuss various internal and external serial and parallel buses ®™ Define local bus 
= Describe PCI and ISA internal bus standards ™ Describe the RS-232C bus 
=m Describe the FireWire ™ Discuss the USB ®™ Explain the GPIB ®™ Discuss SCSI 


Internal Buses 


Internal buses in a computer carry addresses, data, and control signals between the micro- 
processor, cache memory, SRAM, DRAM, disk drives, expansion slots, and other internal 
devices. Personal computers consist of three types of internal buses: the local bus, the PCI 
bus, and the [SA bus. Figure 12—35 shows the basic arrangement of a bus system. 


®» FIGURE 12-35 
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Local Bus This bus directly connects the microprocessor to the cache memory, the main 
memory, the coprocessor, and the PCI bus controller. The local bus is the only internal 
bus that connects directly to the microprocessor. Generally, this bus includes the data bus, 
the address bus, and the control bus that allows the microprocessor to communicate with 
the other devices. The local bus can be considered as the primary bus in a computer sys- 
tem. For example, the Pentium local bus consists of the address bus containing 32 mem- 
ory address lines, the data bus containing 64 data lines, and the control bus containing 
numerous control lines. 


PCI (Peripheral Control Interconnect) Bus This bus is for interfacing the microproces- 
sor with external devices via expansion slots (connectors). The PCI bus was developed by 
Intel; and since it was first introduced in 1993, it has become the standard personal com- 
puter interface bus, replacing several earlier bus standards. PCI is a 64-bit bus, although it 
is often implemented as a 32-bit bus in which the address and data buses are multiplexed. 
It can operate at clock speeds of 33 MHz or 66 MHz. 

The PCI bus is isolated from the local bus by a bus controller unit that acts as a “bridge” 
between the two buses. PCI is considered a secondary bus and is clocked independently of 
the microprocessor. The PCI can connect the microprocessor to peripheral devices, such as 
a hard drive, via expansion slots with adapter cards. 

PCI supports “plug-and-play,” the ability of a computer to automatically configure ex- 
pansion boards and other devices. This allows a device to be connected to a computer with- 
out concern about setting switches, changing jumper wires, or dealing with any other 
configuration elements. This is accomplished with a 256-byte memory that allows the com- 
puter to interrogate the PCI interface. 


ISA (Industry Standard Architecture) Bus This expansion bus was developed by IBM 
for its AT personal computer and is the standard bus into which virtually all printed 
circuit cards made before 1993 plug. The ISA is currently incorporated into most mod- 
ern personal computers, as a companion to the PCI bus, for purposes of backward 
compatibility. 

The ISA has either an 8-bit or a 16-bit data bus and can operate at 8.33 MHz. An ex- 
panded version called the EISA provided a 32-bit data bus, but it has largely been discon- 
tinued due to its slow speed and replaced with the PCI bus. 


External Buses 


External devices are connected to a computer via an input/output (I/O) interface called a 
port. There are two basic types of computer ports, the serial port and the parallel port, and 
most computers have a parallel port and at least one serial port for connecting modems, 
printers, mice, and other peripheral devices. 

A serial port is used for serial data communication, where only 1 bit is transferred at a 
time. Modems and mice are examples of typical serial devices. Also, serial ports are some- 
times used for interfacing test and measurement equipment with a computer. A parallel port 
is used for parallel data communication, where at least 1 byte (8 bits) is transferred at a time. 
There are several bus standards currently in use for both serial and parallel ports. The most 
prominent ones are described next. 


Serial I/O Interface Buses 


RS-232C This is one of the oldest and most common standards for serial interface ap- 
proved by the Electronic Industries Association (EIA). The RS-232C is also referred to as 
the EIA-232. Most modems (modulator/demodulator) conform to the EIA-232 standard, and 
most personal computers have an RS-232C port. The mouse, some display screens, and se- 
rial printers—in addition to modems—are designed to connect to the RS-232C port. The RS- 
232C is commonly used for interfacing data terminal equipment (DTE) with data 
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communications equipment (DCE). For example, a computer is classified as DTE and a mo- 
dem is classified as DCE. 

The EIA-232 standard specifies twenty-five lines between DTE and DCE requiring a 
twenty-five pin plug (DB-25), as shown in Figure 12—36. In personal computer applica- 
tions, not all of the RS-232C signals are required. A minimum of three and a maximum of 
eleven are typically used. For this reason, a 9-pin connection (DB-9) was defined by IBM 
for its serial interface. 


» FIGURE 12-36 
The RS-232C 25-pin connector plug. 





Figure 12—37(a) lists the signals and pin assignments for a 25-pin RS-232C connec- 
tor, and part (b) lists the signals and pin assignments for a 9-pin connector. The eleven 
pins and signals shown in blue in part (a) indicate the signals typically used for personal 
computer applications, and the three minimum signals are indicated by an asterisk (pins 
Zed, 1) 

The specified maximum cable length for the RS-232C is 50 feet with a rate of data trans- 
fer of 20 kbaud. If a shorter cable is used, the baud rate can be higher. The specification of 
data transfer rate in baud and bits per second (b/s) are not necessarily always equal. This is 
because the baud rate is modem terminology and 1s defined as the number of signal changes 
per second, which is called the modulation rate. In modems, one signal change sometimes 
transfers several bits of data. At lower rates the baud is equal to bits per second, but at higher 
rates the baud may be less than the bits per second. 

To overcome the limitations of the RS-232C, two other standards, the RS-422 and RS- 
423 were developed. These newer standards specify much longer cable lengths and higher 
data transfer rates under certain conditions. For example, both the RS-422 and RS-423 
specify a maximum cable length of 4000 feet. The maximum RS-422 data transfer rate is 
10 Mbaud for 40 feet of cable and 100 kbaud for 4000 feet. For the RS-423, the data trans- 
fer rate is 100 kbaud for 30 feet and 1 kbaud for 4000 feet. The RS-232C still remains the 
most common. 


[EEE 1394 This external serial bus standard supports data transfer rates of up to 400 Mb/s 
and is typically used for, although not limited to, interfacing with graphics and video pe- 
ripherals, such as digital cameras. The IEEE 1394 standard is often called FireWire, a 
name trademarked by Apple computer who first developed it. Other companies use other 
names to describe their IEEE 1394 products. IEEE stands for /nstitute of Electrical and 
Electronics Engineers. 

Up to 63 devices can be connected to FireWire based on a daisy-chain arrangement. The 
FireWire cable consists of six wires, two twisted pair for data and two for power. Also, this 
standard allows “hot plugging,” the ability to add and remove devices connected to a com- 
puter while the computer is running. 


USB (Universal Serial Bus) The USB supports two data transfer rates, a high-speed rate 
of 12 Mb/s and a low-speed rate of 1.5 Mb/s. A USB port can be used to connect up to 127 
peripheral devices and permits both plug-and-play and hot plugging. The USB cable has 
four wires, two for data and two for power, and connects the computer to USB peripheral 


Protective ground 








Transmitted data (TD) 





Received data (RD) 


Request to send (RTS) 








Clear to send (CTS) 
Data set ready (DSR) 
Signal ground 


Data carrier detect (DCD) 


Test pin 


Unassigned 
Secondary RCVD line signal detect 


Secondary CTS (SCTS) DCE 


Secondary TD (STD) 


Transmission timing 


Secondary RD (SRD) 


Receiver timing 
Local loopback (LL) 


Secondary RTS (SRTS) 


Data terminal ready (DTR) 





Remote loopback (RL) 


Ring indicator 





Data rate select 





Transmit signal timing 


— 


Oo wanynn ff W Pb 


STANDARD BUSES & 


Data carrier detect (DCD) 


Data set ready (DSR) 
Request to send (RTS) 
Clear to send (CTS) 





Ring indicator 


DCE 


(a) Full RS-232C 25-pin interface with typical personal computer (b) 9-pin RS-232C interface 


configuration indicated by blue and three minimum signals 
marked by an asterisk (pins 2, 3, 7). 


4 FIGURE 12-37 


The RS-232C pin assignments and signals for both connector versions. 


devices, any of which can also act as “hubs” for connecting to other USB peripheral de- 
vices. Figure 12—38 illustrates a computer system with USB interfacing. 


Parallel 1/O Interface Buses 


/EEE 488 This bus standard has been around a long time and is also known as the 
General-Purpose Interface Bus (GPIB). Widely used in test and measurement applica- 
tions, it was developed by Hewlett-Packard in the 1960s. The IEEE 488 specifies 
24 lines that are used to transfer eight parallel data bits at a time and provide eight con- 
trol signals that include three handshake lines and five bus-management lines. Also in- 
cluded are eight ground lines used for shielding and ground returns. The maximum data 
transfer rate for the IEEE 488 standard is 1 MB/s. A superset of this standard, called the 
HS488, has a maximum data rate of 8 MB/s. 

To connect test equipment to a computer using the IEEE 488 bus, an interface card is in- 
stalled in the computer, which turns the computer into a system controller. In a typical GPIB 
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TypeA 

USB 
connector 
(connects to 
computer) 





Type B 
USB 
connector 
(connects to 
peripherals) 





USB cable Power 


A FIGURE 12-38 
Example of a computer system with USB interfacing. 


setup, up to 14 controlled devices (test and measurement instruments) can be connected to 
the system controller. When the system controller issues a command for a controlled device 
to perform a specified operation, such as a frequency measurement, it is said that the con- 
troller “talks” and the controlled device “listens.” 

A listener is an instrument capable of receiving data over the GPIB when it is addressed 
by the system controller (computer). Examples of listeners are printers, monitors, pro- 
grammable power supplies, and programmable signal generators. A talker is an instru- 
ment capable of sending data over the GPIB. Examples are DMMs and frequency counters 
that can output bus-compatible data. Some instruments can send and receive data and are 
called talker/listeners; examples are computers, modems, and certain measurement in- 
struments. The system controller can specify each of the other instruments on the bus as 
either a talker or a listener for the purpose of data transfer. The controller is usually a 
talker/listener. 

A typical GPIB arrangement is shown in Figure 12-39 as an example. The three basic 
bus signal groupings are shown as the data bus, data transfer control bus, and interface 
management bus. 
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A FIGURE 12-39 
A typical IEEE 488 (GPIB) connection. 


The parallel data lines are designated DI/O1 through DI/O8 (data input/output). One 
byte of data is transferred on this bidirectional part of the bus. Every byte that is transferred 
undergoes a handshaking operation via the data transfer control. The three active-LOW 
handshaking lines indicate if data are valid (DAV), if the addressed instrument is not ready 
for data (NRFD), or if the data are not accepted (NDAC). More than one instrument can 
accept data at the same time, and the slowest instrument sets the rate of transfer. Figure 
12—40 shows the timing diagram for the GPIB handshaking sequence, and Table 12-2 de- 
scribes the handshaking signals. 

The five signals of the interface management bus control the orderly flow of data. The 
ATN (attention) line is monitored by all instruments on the bus. When ATN is active, the 
system controller selects the specific interface operation, designates the talkers and the 
listeners, and provides specific addressing for the listeners. Each GPIB instrument has a 
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A FIGURE 12-40 
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Timing diagram for the GPIB handshaking sequence. 


731 


732 @ INTRODUCTION TO COMPUTERS 


>» TABLE 12-2 
The GPIB handshaking signals. 


» TABLE 12-3 


The GPIB management lines. 











oe DESCRIPTION | 

DAV Data Valid: After the talker detects a HIGH on the NRED line, a LOW is placed 
on this line by the talker when the data on its I/O are settled and valid. 

NRFD Not Ready for Data: The listener places a LOW on this line to indicate that it is 

not ready for data. A HIGH indicates that it is ready. The NREFD line will not go 

HIGH until all addressed listeners are ready to accept data. 


NDAC Not Data Accepted: The listener places a LOW on this line to indicate that it has 
not accepted data. When it accepts data from its I/O, it releases its NDAC line. The 

NDAC line to the talker does not go HIGH until the last listener has accepted data. 
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NAME | | DESCRIPTION — 7 








ATN Attention: Causes all the devices on the bus to interpret data, as a controller 
command or address and activates the handshaking function. 
IFC Interface Clear: Initializes the bus. 
SRQ Service Request: Alerts the controller that a device needs to communicate. 
REN Remote Enable: Enables devices to respond to remote program control. 
EOI End or Identity: Indicates the last byte of data to be transferred. 
..__séaazdatzt#ztw#wé..#.é.#NONNiCi####.wd.é.__CétttOdédtw#dit#OWwOwtOtCOtiéUOsC.CUONi#C.C.ww 





specific identifying address that is used by the system controller. Table 12—3 describes 
the GPIB interface management lines and their functions. 

The GPIB is limited to a maximum cable length of 15 meters, and there can be no more than 
one instrument per meter with a maximum capacitive loading of 50 pF each. The cable length 
limitation can be overcome by the use of bus extenders and modems. A bus extender provides 
for cable-interfacing of instruments that are separated by a distance greater than allowed by the 
GPIB specifications or for communicating over greater distances via modem-interfaced tele- 
phone lines. The use of bus extenders and/or modems is illustrated in Figure 12-41. 





A FIGURE 12-41 
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A bus extender and modem can be used for interfacing remote GPIB systems. 
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SCSI (Small Computer System Interface) Pronounced scuzzy, this is a widely used standard 
for interfacing personal computers and peripherals. Although SCSI is an ANSI (American Na- 
tional Standards Institute) standard, there are several variations and connector types originat- 
ing from a variety of manufacturers. One type of SCSI may not be compatible with another 
type. SCSI-1 is the 25-pin connector version that provides an 8-bit data bus and supports data 
transfer rates of 4 MB/s. Some other versions of the SCSI bus standard are listed as follows: 


« SCSI-2 
ports multiple devices. 


This version is the same as SCSI-1, but uses a 50-pin connector and sup- 


= Wide SCSI This uses a wider connector than SCSI-2 to support 16-bit data transfers. 


« Fast SCSI This provides for 8-bit data transfer but supports data transfer rates of 


10 MB/s. 


» Fast Wide SCSI This version allows 16-bit data transfer at 20 MB/s. 
» Ultra SCSI This version transfers 8 bits of data at 20 MB/s. 

» SCSI-3 This version has 16 data lines and runs at 40 MB/s. 

© Ultra SCSI-2 This version transfers 8 bits at 40 MB/s. 


© Wide Ultra SCSI-2 This version provides for 16-bite data transfer and operates at 


80 MB/s. 


The signal descriptions for a SCSI 25-pin connector are given in Table 12—4, and the pin 


configuration is shown in Figure 12-42. 


Vv TABLE 12-4 
SCSI signals. 


PIN 


SIGNAL 


NUMBER NAME 





REQ/ 
MSG/ 
1/O/ 
RST/ 
ACK/ 
BSY/ 
GND 
DBO/ 
GND 
DB3/ 
DBS5/ 
DB6/ 
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SIGNAL 


DESCRIPTION 





Request 
Message 
Input/Output 
SCSI bus reset 
Acknowledge 
Busy 

Signal ground 
Data bit 0 
Signal ground 
Data bit 3 
Data bit 5 
Data bit 6 
Data bit 7 
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SIGNAL = 
DESCRIPTION 


PIN 
NUMBER 


SIGNAL 
NAME 





14 GND Signal ground 
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“@ FIGURE 12-42 
SCSI 25-pin connector. 
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| [section 12-8 | - i 
| REVIEW 1. Name the two major bus categories in terms of the way data are transferred. 


| 2. Classify each of the following buses as serial or parallel: | 
| (a) SCS! (b) RS-232C = (c) USB-— (d) «GPIB 

3. Explain the basic difference between a serial bus and a parallel bus. 

| 4. How many devices can be connected to the USB? | 
| 5. Is the FireWire a faster bus than the USB in terms of data transfer? | 


a0 AU er a NN PA A IO ee ee | 


= Basic units of a computer are shown in Figure 12-43. 


» FIGURE 12-43 








=m The three basic computer buses are the address bus, data bus, and the control bus. The size of 
any bus is specified by the number of separate conductive paths. 


= Typical peripheral devices include the keyboard, external disk drives, mouse, printer, modem, 
and scanner. 


= The number of address lines increased from 20 for the 8086/8088 to 32 for the Pentium family. 
The data bus was originally 16 bits for the 8086 and is 64 bits for the Pentium family. 


=m General registers are a subset of those in all of the Intel processors. They include 


Accumulator (AX, which includes AH and AL) 
Base (BX, which includes BH and BL) 

Count (CX, which includes CH and CL) 

Data (DX, which includes DH and DL) 

Stack pointer (SP) 

Base pointer (BP) 

Destination index (DI) 

Source index (SI) 


Beginning with the 80386 processor, this basic set was expanded to the extended register set. 


= The basic segment registers are a subset of those in all of the Intel processors. The segment 
registers are 


Code segment (CS) 
Data segment (DS) 
Extra segment (ES) 
Stack segment (SS) 


Beginning with the 80386 processor, two new segment registers were added. 
= The flag registers are a subset of those in all of the Intel processors. They include 
Trap (TF) 
Direction (DF) 
Interrupt enable (IF) 
Overflow (OF) 
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Sign (SP) 

Zero (ZF) 

Auxiliary carry (AF) 
Parity (PF) 

Carry (CF) 


= The basic “language” of a computer is called machine code in which instructions are given as a 
series of binary codes. 

= In assembly language, machine instructions are replaced with a short alphabetic English 
mnemonic that has a one-to-one correspondence to machine code. Assembly language also uses 
directives to allow the programmer to specify other parameters that are not translated directly 
into machine code. 

= Ports are an interface to external devices. They can be set up as input, output, or a combination 
of both. They can be accessed as dedicated or as memory-mapped and can be serviced by 
polling, interrupt-driven, or software. 


=m Table 12—5 compares standard buses. 


Vv TABLE 12-5 


INTERNAL BUSES EXTERNAL BUSES 


PCI BY. RS-232C IEEE 1394 6 BY» IEEE 488 













Serial Serial Serial Parallel Parallel 
— — — 8 8/16 

20 kbaud 400 Mb/s 1.5/12 Mb/s 1 Mb/s 4 Mb/s (1) 
10 Mb/s (Fast) 
20 Mb/s (Ultra) 
40 Mb/s (3) 
80 Mb/s (Ultrawide 2) 

16 


Type Parallel Parallel 
Data lines 32/64 8/16 
Data rate 33/66 MHz = 8.33 MHz 
















Number of devices => — a 





FKEYTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Address bus A one-way group of conductors from the microprocessor to a memory, or other exter- 
nal device, on which the address code is sent. 


Assembly language A programming language that uses English-like words and has a one-to-one cor- 
respondence to machine language. 


Control bus A set of conductive paths that connects the CPU to other parts of the computer to coor- 
dinate its operations and to communicate with external devices. 


CPU Central processing unit; the “brain” of a computer that processes the program instructions. 


Data bus A bidirectional set of conductive paths on which data or instruction codes are transferred 
into a microprocessor or on which the result of an operation is sent out from a microprocessor. 


FireWire The IEEE-1394 standard serial bus. 
GPIB General-purpose interface bus based on the IEEE-488 standard. 


High-level language A type of computer language closest to human language that is a level above as- 
sembly language. 


Interrupt A computer signal or instruction that causes the current process to be temporarily stopped 
while a service routine is run. 


736 & INTRODUCTION TO COMPUTERS 


Machine language Computer instructions written in binary code that are understood by a computer; 
the lowest level of programming language. 


Microprocessor A large-scale digital integrated circuit that can be programmed to perform arith- 
metic, logic, or other operations; the CPU of a computer. 


Modem A modulator/demodulator for interfacing digital devices to analog transmission systems such 
as telephone lines. 


Peripheral A device such as a printer or modem that provides communication with a computer. 
Port A physical interface on a computer through which data are passed to or from a peripheral. 
Program A list of instructions that a computer follows in order to achieve a specified result. 
SCSI Small computer systems interface; an external parallel bus standard. 


Tristate A type of output on logic circuits that exhibits three states: HIGH, LOW, and high Z; used 
to interface the outputs of a source device to a bus. 


USB Universal serial bus; an external serial bus standard. 


SEL EST Answers are at the end of the chapter. 


1. A basic computer does not include 
(a) an arithmetic logic unit (b) a control unit 
(c) peripheral units (d) a memory unit 
2. A 20-bit address bus supports 
(a) 100,000 memory addresses (b) 1,048,576 memory addresses 
(c) 2,097,152 memory addresses (d) 20,000 memory addresses 
3. The number of bits on the data bus in the Pentium processors is 
(a) 16 (b) 24 (G) 32 (d) 64 
4. A bus that is used to transfer information both to and from the microprocessor is the 
(a) address bus (b) data bus 
(c) both of the above (d) none of the above 
5. An example of a peripheral unit is 
(a) the address register (b) the MPU 
(c) the video monitor (d) the interface adapter 
6. Two types of memory transfers handled by the CPU are 
(a) direct and interrupt (b) read and write 
(c) bussed and multiplexed (d) input and output 
7. In the Intel family, the maximum number of 8-bit I/O devices is 
(a) 64 (b) 1000 (c) 64,000 
(d) 1 million (e) unlimited 
8. Polling is a method used for 
(a) determining the state of the microprocessor 
(b) establishing communications between the CPU and a peripheral 
(c) establishing a priority for communication with several peripherals 
(d) determining the next instruction 
9. Of the following, which is a 8-bit register? 
(a) AH (b) BX (c) SS (d) IP 
10. Essentially, a mnemonic is a(n) 
(a) flowchart (b) operand (c) machine code (d) instruction 
11. DMA stands for 
(a) digital microprocessor address (b) direct memory access 


(c) data multiplexed access (d) direct memory addressing 
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A computer program is a list of 

(a) memory addresses that contain data to be used in an operation 

(b) addresses that contain instructions to be used in an operation 

(c) instructions arranged to achieve a specific result 

A type of assembly language that alters the course of the program is called a 
(a) loop (b) jump 

(c) both of the above (d) none of the above 

A type of interrupt that is invoked from within a program is called a 

(a) software interrupt (b) polled interrupt 

(c) direct interrupt (d) I/O interrupt 

Most devices are interfaced to a bus with 

(a) totem-pole outputs (b) tristate buffers 

(c) pnp transistors (d) resistors 

The PCI bus consists of 

(a) 8 or 16 data lines (b) 32 or 64 data lines (c) 1 serial data line 


The devices operating on a GPIB are called 


(a) source and load (b) talker and listener 

(c) transmitter and receiver (d) donor and acceptor 

The RS-232C is 

(a) a standard interface for parallel data (b) astandard interface for serial data 


(c) an enhancement of the IEEE 488 interface (d) the same as SCSI 
The FireWire bus is the same as the 

(a) IEEE 488 bus (b) USB (c) IEEE 1394 

(d) RS-422 (e) RS-423 

The USB can support up to 

(a) 63 devices (b) 14 devices 

(c) 100 devices (d) 127 devices 


Answers to odd-numbered problems are at the end of the book. 


The Basic Computer 


iL. 


2. 
3. 
4. 


Name the basic elements of a computer. 
Name two categories of computer software. 
What is a bus? 

What is a port? 


Microprocessors 


St Pl 


Name the basic elements of a microprocessor. 
List three operations that a microprocessor performs. 
List the three microprocessor buses. 


What are the seven basic groups of the Pentium instruction set? 


A Specific Microprocessor Family 


9. What are the three basic steps a processor repeatedly cycles through? 


10. What is meant by “pipelining”? 


11. Name the six segment registers. 
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SECTION 12-4 


SECTION 12-5 


SECTION 12-6 


SECTION 12-7 


®» FIGURE 12-45 


12. Assume the code segment register contains the hex number OFO05 and the instruction pointer 
register contains the number 0100. What is the physical address of the next instruction to be 
executed? 


13. Explain the difference between the AH, the AL, the AX, and the EAX registers. 
14. (a) What is a flag? 
(b) What two purposes are flags used for? 


15. Explain the advantage of instruction pairing in the Pentium processor. 


Computer Programming 
16. What is an assembler? 


17. Draw a flowchart for a program that adds the numbers from one to 10 and saves the result in a 
memory location named TOTAL. 


18. Draw a flowchart showing how you could count the number of bytes in a string and place the 
count in a location in memory called COUNT. Assume the string starts at a location named 
START and has a 20H (ASCII for a space) to signal the end. You should not count the space 
character. 


19. Explain what happens when the instruction mov ax,[bx] is executed. 


20. What is a compiler? 


Interrupts 
21. Compare polled I/O to interrupt-driven I/O. 
22. What is meant by the term vectoring? 


23. What is meant by a software interrupt? 


Direct Memory Access (DMA) 
24. Explain what happens in a DMA operation. 
25. How is the CPU used in DMA? 


Internal Interfacing 


26. Ina simple serial transfer of eight data bits from a source device to an acceptor device, the 
handshaking sequence in Figure 12—44 is observed on the four generic bus lines. By analyzing 
the time relationships, identify the function of each signal, and indicate if it originates at the 
source or at the acceptor. 


PRIGURE 12-44 
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27. Determine the signal on the bus line in Figure 12—45 for the data-input and enable 
waveforms shown. 


Bus line 
ra 


Data A 1 1 nN 7 pny Data A 
Enable A i ‘bia ential Enable A 


Data B | LT] PULL] 
Data B 7 
Enable B | 
Enable B 
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Data bus 


DAV 
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28. In Figure 12—-46(a), data from the two sources are being placed on the data bus under control 
of the select line. The select waveform is shown in Figure 12—46(b). Determine the data-bus 
waveforms for the device output codes indicated. 
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A FIGURE 12-46 


Standard Buses 

29. Explain the basic difference between a local bus and the PCI bus. 

30. Define “plug-and-play.” 

31. How does the PCI bus differ from the ISA bus? 

32. If ashorter RS-232C is used, can data be transmitted at a faster rate? 

33. DCE and DTE are part of which bus specification? Explain the acronyms, DCE and DTE. 
34. List the wires in a USB cable. 


35. Eight GPIB-compatible instruments are connected to the bus. How many more can be added 
without exceeding the specifications? 


36. Consider the GPIB interface between a talker and a listener as shown in Figure 12—47(a). 
From the handshaking timing diagram in part (b), determine how many data bytes are actually 
transferred to the listening device. 










Listener 


NRFD | | | 
NDAC | | | | | | 


(b) 


A FIGURE 12-47 
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37. Describe the operations depicted in the GPIB timing diagram of Figure 12-48. Develop a 
basic block diagram of the system involved in this operation. 


38. A talker sends a data byte to a listener in a GPIB system. Simultaneously, a DTE sends a data 
byte to a DCE on an RS-232C interface. Which system will receive the complete data byte 
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SECTION 12-1. The Basic Computer 
1. Basic elements of a computer are CPU, memories, input/output ports, buses. 
pm 


RAM is random access memory, and ROM is read-only memory. 


~ 


Peripherals are devices external to the computer. 


= 


Hardware is the microprocessor, memory, hard disk, etc. Software is the program that runs the 
computer. 


SECTION 12-2 Microprocessors 

Elements of a microprocessor are ALU, instruction decoder, register array, and control unit. 
Microprocessor buses are address, data, and control. 

A microprocessor functions as the CPU. 


Arithmetic/logic operations, moves data, and makes decisions. 


ee Be 


Pipelining is the process of executing more than one instruction at the same time. 


SECTION 12-3 _ A Specific Microprocessor Family 


1. The general-purpose registers are 


Accumulator (AX: AH, AL) Stack pointer (SP) 
Base index (BX: BH, BL) Base pointer (BP) 
Count (CX: CH, CL) Destination index (DI) 
Data (DX: DH, DL) Source index (SI) 


The BIU provides addressing and data interface. 
No, the EU does not interface with the buses. 
The instruction queue stores prefetched instructions for the EU to increase throughput. 


Codes can be easily relocated within memory. 


oS 


Instruction pairing is the process of combining independent instructions so that they can be 
executed simultaneously by the two execution units in the Pentium. 


SECTION 12-4 Computer Programming 
1. A program is a list of computer instructions arranged to achieve a specific result. 


2. An op-code is the code for an instruction. 


3. A string is a contiguous sequence of bytes or words. 


SECTION 12-5 


SECTION 12-6 


SECTION 12-7 


SECTION 12-8 
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Interrupts 


1. For an interrupt-driven I/O, the CPU provides service to a peripheral only when requested to 
do so by the peripheral; for a polled I/O, the CPU periodically checks a peripheral to see if it 
needs service. 


2. Interrupt-driven I/Os save CPU time. 


3. A software interrupt is an instruction that invokes an interrupt service routine. 


Direct Memory Access (DMA) 
1. DMA is direct memory access. 


2. A DMA transfer of data from memory to I/O or vice versa saves CPU time. Direct memory 
access is often used in transferring data between RAM and a disk drive. 


Internal Interfacing 


1. Tristate buffers allow devices to be completely disconnected from the bus when not in use, 
thus preventing interference with other devices. 


2. A bus interconnects all the devices in a system and makes communication between devices 
possible. 


Standard Buses 

1. Serial and parallel data transfer 
(a) parallel (b) serial (c) serial (d) parallel 
Serial—one bit at a time; Parallel—8 or more bits at a time. 
127 USB devices 
Fire Wire is faster than USB. 


a» i 


RELATED PROBLEMS FOR EXAMPLES. 


12-1 6C4C2,, 


12-2 Change first block (initialization block) to “BIG = FFFF’’; this is the largest possible 
unsigned number. Change first question to “Is number < BIG?” 


Ll. -(¢) 2. (b) 3. (d) 4. (b) a. (C) 6. (b) Te AE) 8. (b) 
9. (a) 10.(d) 11.(6) 12.(c¢) 13.(c) 14.(a) 15. (b) 16. (b) 
17. (b) 18. (b) 19. (c) 20. (d) 
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Digital Signal Processing Basics 
Converting Analog Signals to Digital 
Analog-to-Digital Conversion Methods 
The Digital Signal Processor (DSP) 
Digital-to-Analog Conversion Methods 





CHAPTER OBJECTIVES 





List the essential elements in a digital signal processing system 
Explain how analog signals are converted to digital form 
Discuss the purpose of filtering 

Describe the sampling process 

State the purpose of analog-to-digital conversion 

Explain how several types of ADCs operate 

Explain the basic concepts of a digital signal processor (DSP) 


Describe the basic architecture of a DSP 








© Name some of the functions that a DSP performs 
~ State the purpose of digital-to-analog conversion 


"Explain how DACs operate 
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Analog-to-digital DSP core 
converter (ADC) ie 
a MFLOPS 
 Digital-to-analog 
converter (DAC) MMACS 
~ Sampling Pipeline 
Nyquist frequency Fetch 
Aliasing Decode 
ar Execute 
Quantization 
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Digital signal processing is a powerful technology that is 
widely used in many applications, such as automotive, 
consumer, graphics/imaging, industrial, instrumentation, 
medical, military, telecommunications, and voice/speech 
applications. Digital signal processing incorporates 
mathematics, software programming, and processing 
hardware to manipulate analog signals. For example, digital 
signal processing can be used to enhance images, compress 
data for efficient transmission and storage, recognize and 
generate speech, and clean up noisy or deteriorated audio. 

This chapter provides a brief look at digital signal 
processing. To completely cover the topic in the depth 
necessary to have a detailed understanding would take 
much more than a single chapter. Entire books are available 
on the subject; a list of references is available at the end of 
the chapter. Much information, including data sheets, on 
the TMS320 family of DSPs is available at the Texas 
Instruments website (www.ti.com). Information about other 
DSPs can be found on the Motorola website 
(www.motorola.com) and the Analog Devices website 
(www.analogdevices.com). 








ADC0804 





TMS320C62xx TMS320C64xx TMS320C67xx 





VISIT THE COMPANION WEBSITE 


Study aids for this chapter are available at 
http://www.prenhall.com/floyd 
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327" vicitaL SIGNAL PROCESSING BASICS 


Digital signal processing converts signals that naturally occur in analog form, such as 
sound, video, and information from sensors, to digital form and uses digital techniques 
to enhance and modify analog signal data for various applications. 





After completing this section, you should be able to 


= Define ADC ® Define DSP ® Define DAC ® Draw a basic block diagram of a 
digital signal processing system 


A digital signal processing system first translates a continuously varying analog signal 
into a series of discrete levels. This series of levels follows the variations of the analog sig- 
nal and resembles a staircase, as illustrated for the case of a sine wave in Figure 13—1. The 
process of changing the original analog signal to a “stairstep” approximation is accom- 
plished by a sample-and-hold circuit. 


» FIGURE 13-1 Hold 
An original analog signal (sine wave) Sample Rach held level awceavenied & 


and its “stairstep” approximation. a binary code by an ADC. 








Next, the “stairstep” approximation is quantized into binary codes that represent each 
discrete step on the “stairsteps” by a process called analog-to-digital (A/D) conversion. The 
circuit that performs A/D conversion is an analog-to-digital converter (ADC). 

Once the analog signal has been converted to a binary coded form, it is applied to a DSP 
(digital signal processor). The DSP can perform various operations on the incoming data, 
such as removing unwanted interference, increasing the amplitude of some signal frequen- 
cies and reducing others, encoding the data for secure transmissions, and detecting and cor- 
recting errors in transmitted codes. DSPs make possible, among many other things, the 
cleanup of sound recordings, the removal of echos from communications lines, the en- 
hancement of images from CT scans for better medical diagnosis, and the scrambling of 
cellular phone conversations for privacy. 

After a DSP processes a signal, the signal can be converted back to a much improved 
version of the original analog signal. This is accomplished by a digital-to-analog con- 
verter (DAC). Figure 13-2 shows a basic block diagram of a typical digital signal pro- 
cessing system. 





10110 10110 
01101 01101 
00011 00011 
11100 11100 
aes : Enhanced 
Analog Anti-aliasing Sample-and- aes 8 Reconstruction 
signal filter hold circuit ADC ee ee DSP i> DAC filter > cme 
: signa 


A FIGURE 13-2 





Basic block diagram of a typical digital signal processing system. 
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DSPs are actually a specialized type of microprocessor but are different from general- 
purpose microprocessors in a couple of significant ways. Typically, microprocessors are de- 
signed for general-purpose functions and operate with large software packages. DSPs are 
used for special-purpose applications; they are very fast number crunchers that must work 
in real time by processing information as it happens using specialized algorithms (pro- 
grams). The analog-to-digital converter (ADC) in a system must take samples of the in- 
coming analog data often enough to catch all the relevant fluctuations in the signal 
amplitude, and the DSP must keep pace with the sampling rate of the ADC by doing its cal- 
culations as fast as the sampled data are received. Once the digital data are processed by the 
DSP, they go to the digital-to-analog converter (DAC) for conversion back to analog form. 


| | SECTION 13-1 | 
| REVIEW 1. What does DSP stand for? | 


Answers are at the end of the 2. What does ADC stand for? 
| chapter. 3. What does DAC stand for? 


4. An analog signal is changed to a binary coded form by what circuit? 


5. A binary coded signal is changed to analog form by what circuit? 





CONVERTING ANALOG SIGNALS TO DIGITAL 


In order to process signals using digital techniques, the incoming analog signal must be 
converted into digital form. 


After completing this section, you should be able to 


= Explain the basic process of converting an analog signal to digital ™ Describe the 
purpose of the sample-and-hold function ™ Define the Nyquist frequency ™ Define the 
reason for aliasing and discuss how it is eliminated ™ Describe the purpose of an ADC 


Sampling and Filtering 


The first two blocks in the system diagram of Figure 13-2 are the anti-aliasing filter and the 
sample-and-hold circuit. The sample-and-hold function does two operations, the first of 
which is sampling. Sampling is the process of taking a sufficient number of discrete val- 
ues at points on a waveform that will define the shape of waveform. The more samples you 
take, the more accurately you can define a waveform. Sampling converts an analog signal 
into a series of impulses, each representing the amplitude of the signal at a given instant in 
time. Figure 13-3 illustrates the process of sampling. 

When an analog signal is to be sampled, there are certain criteria that must be met in 
order to accurately represent the original signal. All analog signals (except a pure sine 
wave) contain a spectrum of component frequencies called harmonics. The harmonics of 
an analog signal are sine waves of different frequencies and amplitudes. When the har- 
monics of a given periodic waveform are added, the result is the original signal. Before 
a signal can be sampled, it must be passed through a low-pass filter (anti-aliasing filter) 
to eliminate harmonic frequencies above a certain value as determined by the Nyquist 
frequency. 


The Sampling Theorem Notice in Figure 13-3 that there are two input waveforms. One 
is the analog signal and the other is the sampling pulse waveform. The sampling theorem 
states that, in order to represent an analog signal, the sampling frequency, J eevies Hust, beat 
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» FIGURE 13-3 


Illustration of the sampling process. 


Equation 13-1 





(a) One sample of a ball during a 


single bounce 






Analog 
input 
signal 


Sampling 
pulses 


Sampling 
circuit 


Sampled 
version of 
input signal 


least twice the highest frequency component fi;,,,) of the analog signal. Another way to say 
this is that the highest analog frequency can be no greater than one-half the sampling fre- 
quency. The frequency fi¢max) is known as the Nyquist frequency and is expressed in Equa- 
tion 13-1. In practice, the sampling frequency should be more than twice the highest analog 
frequency. 


Teamutt Z ZF staat) 


To intuitively understand the sampling theorem, a simple “bouncing-ball” analogy may 
be helpful. Although it is not a perfect representation of the sampling of electrical signals, 
it does serve to illustrate the basic idea. If a ball is photographed (sampled) at one instant 
during a single bounce, as illustrated in Figure 13-4(a), you cannot tell anything about the 
path of the ball except that it is off the floor. You can’t tell whether it is going up or down 
or the distance of its bounce. If you take photos at two equally-spaced instants during one 
bounce, as shown in part (b), you can obtain only a minimum amount of information about 
its movement and nothing about the distance of the bounce. In this particular case, you 
know only that the ball has been in the air at the times the two photos were taken and that 
the maximum height of the bounce is at least equal to the height shown in each photo. If 
you take four photos, as shown in part (c), then the path that the ball follows during a bounce 





(b) Two samples of a ball during a single (c) Four samples of a ball during a single 
bounce. This is the absolute minimum bounce form a rough picture of the path 
required to tell anything about its of the ball. 


movement, but generally insufficient 
to describe its path. 


A FIGURE 13-4 





Bouncing ball analogy of sampling theory. 
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begins to emerge. The more photos (samples) that you take, the more accurately you can 
determine the path of the ball as it bounces. 


The Need for Filtering Low-pass filtering is necessary to remove all frequency compo- 
nents (harmonics) of the analog signal that exceed the Nyquist frequency. If there are any 
frequency components in the analog signal that exceed the Nyquist frequency, an unwanted 
condition known as aliasing will occur. An alias is a signal produced when the sampling fre- 
quency is not at least twice the signal frequency. An alias signal has a frequency that is less 
than the highest frequency in the analog signal being sampled and therefore falls within the 
spectrum or frequency band of the input analog signal causing distortion. Such a signal is ac- 
tually “posing” as part of the analog signal when it really isn’t, thus the term alias. 

Another way to view aliasing is by considering that the sampling pulses produce a spec- 
trum of harmonic frequencies above and below the sample frequency, as shown in Figure 
13-5. If the analog signal contains frequencies above the Nyquist frequency, these fre- 
quencies overlap into the spectrum of the sample waveform as shown and interference oc- 
curs. The lower frequency components of the sampling waveform become mixed in with 
the frequency spectra of the analog waveform, resulting in an aliasing error. 


Unfiltered analog 
frequency spectrum 







Sampling frequency 
spectrum 






Overlap causes F sample 
aliasing error 


A low-pass anti-aliasing filter must be used to limit the frequency spectrum of the ana- 
log signal for a given sample frequency. To avoid an aliasing error, the filter must at least 
eliminate all analog frequencies above the minimum frequency in the sampling spectrum, 
as illustrated in Figure 13-6. Aliasing can also be avoided by sufficiently increasing the 
sampling frequency. However, the maximum sampling frequency is usually limited by the 
performance of the analog-to-digital converter (ADC) that follows it. 


Filtered analog 
frequency spectrum 







Sampling frequency 
spectrum 






ff sample 


An Application An example of the application of sampling is in digital audio equipment. 
The sampling rates used are 32 kHz, 44.1 kHz, or 48 kHz (the number of samples per second). 
The 48 kHz rate is the most common, but the 44.1 kHz rate is used for audio CDs and prere- 
corded tapes. According to the Nyquist rate, the sampling frequency must be at least twice the 
audio signal. Therefore, the CD sampling rate of 44.1 kHz captures frequencies up to about 
22 kHz, which exceeds the 20 kHz specification that is common for most audio equipment. 
Many applications do not require a wide frequency range to obtain reproduced sound 
that is acceptable. For example, human speech contains some frequencies near 10 kHz 


@ FIGURE 13-5 


A basic illustration of the condition 
‘a 4 


sample (max)+ 


< FIGURE 13-6 


After low-pass filtering, the 
frequency spectra of the analog and 
the sampling signals do not overlap, 


thus eliminating aliasing error. 


748 


UTE EE 





INTRODUCTION TO DIGITAL SIGNAL PROCESSING 


and, therefore, requires a sampling rate of at least 20 kHz. However, if only frequencies 
up to 4 kHz (ideally requiring an 8 kHz minimum sampling rate) are reproduced, voice is 
very understandable. On the other hand, if a sound signal is not sampled at a high enough 
rate, the effect of aliasing will become noticeable with background noise and distortion. 


Holding the Sampled Value 


The holding operation is part of the sample-and-hold block shown in Figure 13—2. After fil- 
tering and sampling, the sampled level must be held constant until the next sample occurs. 
This is necessary for the ADC to have time to process the sampled value. This sample-and 
hold operation results in a “stairstep” waveform that approximates the analog input wave- 
form, as shown in Figure 13-7. 





Sampled version of 
input signal 






Sample-and-hold 





Sample-and-hold approximation 
of input signal 


4 FIGURE 13-7 


Illustration of a sample-and-hold operation. 


Analog-to-Digital Conversion 


Analog-to-digital conversion is the process of converting the output of the sample-and- 
hold circuit to a series of binary codes that represent the amplitude of the analog input at 
each of the sample times. The sample-and-hold process keeps the amplitude of the ana- 
log input signal constant between sample pulses; therefore, the analog-to-digital conver- 
sion can be done using a constant value rather than having the analog signal change 
during a conversion interval, which is the time between sample pulses. Figure 13-8 il- 


| | | | | | 
| | | | | | 
LLOQ 1010) ++ 


A FIGURE 13-8 





Basic function of an analog-to-digital (ADC) converter (The binary codes and number of bits are 


arbitrarily chosen for illustration only). The ADC output waveform that represents the binary codes is 
also shown. 
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lustrates the basic function of an analog-to-digital (ADC) converter. The sample intervals 
are indicated by dashed lines. 


Quantization The process of converting an analog value to a code is called quantization. 
During the quantization process, the ADC converts each sampled value of the analog sig- 
nal to a binary code. The more bits that are used to represent a sampled value, the more ac- 
curate is the representation. 

To illustrate, let’s quantize a reproduction of the analog waveform into four levels (0-3). 
As shown in Figure 13-9, two bits are required. Note that each quantization level is repre- 
sented by a 2-bit code on the vertical axis, and each sample interval is numbered along the 
horizontal axis. The quantization process is summarized in Table 13-1. 


@ FIGURE 13-9 


Quantization 


ne Sample-and-hold output waveform 


with four quantization levels. The 
original analog waveform is shown in 
light gray for reference. 


Sample 
intervals 





“@ TABLE 13-1 


SAMPLE INTERVAL QUANTIZATION LEVEL Two bitquantization for the 
Il 0 00 waveform in Figure 13-9. 
2 1 O1 
3 2, 10 
+ Ol 
S | 01 
6 ] Ol 
7 I Ol 
8 pi 10 
9 3 1] 

10 3 1] 
It 2 i 
12 3 1 
13 5 1] 





If the resulting 2-bit digital codes are used to reconstruct the original waveform, which 
is done by digital-to-analog converters (DAC), you would get the waveform shown in 
Figure 13-10. As you can see, quite a bit of accuracy is lost using only two bits to repre- 
sent the sampled values. 


750 & INTRODUCTION TO DIGITAL SIGNAL PROCESSING 


> FIGURE 13-10 Binary 
The reconstructed waveform in values 
Figure 13—9 using four quantization 
levels (2 bits). The original analog 
waveform is shown in light gray for 


reference. 


Sample 
; intervals 
| 
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Now, let’s see how more bits will improve the accuracy. Figure 13—11 shows the same 
waveform with sixteen quantization levels (4 bits). The 4-bit quantization process is sum- 
marized in Table 13-2. 


» FIGURE 13-11 Quantization 
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» TABLE 13-2 





SAMPLE INTERVAL 





QUANTIZATION LEVEL 





Four-bit quantization for the 


waveform in Figure 13-11. | 0 0000 
2 5 0101 
3 8 1000 
+ 7 O111 
5 5 0101 
6 4 0100 
ii 6 0110 
8 10 1010 
9 14 1110 

10 15 1111 
11 15 111] 
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13 14 1110 
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If the resulting 4-bit digital codes are used to reconstruct the original waveform, you 


would get the waveform shown in Figure 13—12. As you can see, the result is much more 
like the original waveform than for the case of four quantization levels in Figure 13-10. 
This shows that greater accuracy is achieved with more quantization bits. Most inte- 
grated circuit ADCs use from 8 to 24 bits, and the sample-and-hold function is some- 
times contained on the ADC chip. Several types of ADCs are introduced in the next 
section. 


Binary «@ FIGURE 13-12 


values The reconstructed waveform in 
Figure 13-11 using sixteen 

1111 3 quantization levels (4 bits). The 

1101 F. allen Xe S original analog waveform is shown in 
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SECTION 13-2 
REVIEW 1. What does sampling mean? 


2. Why must you hold a sampled value? 


3. If the highest frequency component in an analog signal is 20 kHz, what is the | 
minimum sample frequency? | 


4. What does quantization mean? 


5. What determines the accuracy of the quantization process? | 
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As you have seen, analog-to-digital conversion is the process by which an analog 
quantity is converted to digital form. It is necessary when measured quantities must be 
in digital form for processing or for display or storage. Some common types of analog- 
to-digital converters (ADCs) are now examined. Two important ADC parameters are 
resolution, which is the number of bits, and throughput, which is the sampling rate an 
ADC can handle in units of samples per second (sps). 


After completing this section, you should be able to 


= Explain basically what an operational amplifier is ®™ Show how the op-amp can be 
used as an inverting amplifier or a comparator ™ Explain how a flash ADC works 

= Discuss dual-slope ADCs ® Describe the operation of a successive-approximation 
ADC ® Describe a delta-sigma ADC ® Discuss testing ADCs for a missing code, 
incorrect code and offset 
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Equation 13-2 


Inverting input 


/ Output 


\ 


Noninverting input 


(a) Op-amp symbol 


A Quick Look at an Operational Amplifier 


Before getting into analog-to-digital converters (ADCs), let’s look briefly at an element 
that is common to most types of ADCs and digital-to-analog converters (DACs). This ele- 
ment is the operational amplifier, or op-amp for short. This is an abbreviated coverage of 
the op-amp. 

An op-amp is a linear amplifier that has two inputs (inverting and noninverting) and one 
output. It has a very high voltage gain and a very high input impedance, as well as a very 
low output impedance. The op-amp symbol is shown in Figure 13—13(a). When used as an 
inverting amplifier, the op-amp is configured as shown in part (b). The feedback resistor, 
R,, and the input resistor, R;, control the voltage gain according to the formula in Equation 
13-2, where V,,,,/V;, is the closed-loop voltage gain (closed loop refers to the feedback 
from output to input provided by R,). The negative sign indicates inversion. 


Vout =. Ry 
Vin R; 

In the inverting amplifier configuration, the inverting input of the op-amp is approximately 
at ground potential (0 V) because feedback and the extremely high open-loop gain make the 
differential voltage between the two inputs extremely small. Since the noninverting input is 
grounded, the inverting input is at approximately 0 V, which is called virtual ground. 

When the op-amp is used as a comparator, as shown in Figure 13—13(c), two voltages 
are applied to the inputs. When these input voltages differ by a very small amount, the op- 
amp is driven into one of its two saturated output states, either HIGH or LOW, depending 


on which input voltage is greater. 


‘ink 
out out 


ind 





Represents the high 
internal input impedance 
(b) Op-amp as an inverting amplifier (c) Op-amp as a comparator 
with gain of R./R. 
i ae 
A FIGURE 13-13 


The operational amplifier (op-amp). 


Flash (Simultaneous) Analog-to-Digital Converter 


The flash method utilizes comparators that compare reference voltages with the analog in- 
put voltage. When the input voltage exceeds the reference voltage for a given comparator, 
a HIGH is generated. Figure 13—14 shows a 3-bit converter that uses seven comparator cir- 
cuits; a comparator is not needed for the all-Os condition. A 4-bit converter of this type re- 
quires fifteen comparators. In general, 2” — 1 comparators are required for conversion to an 
n-bit binary code. The number of bits used in an ADC is its resolution. The large number 
of comparators necessary for a reasonable-sized binary number is one of the disadvantages 
of the flash ADC. Its chief advantage is that it provides a fast conversion time because of a 
high throughput, measured in samples per second (sps). 

The reference voltage for each comparator is set by the resistive voltage-divider circuit. 
The output of each comparator is connected to an input of the priority encoder. The encoder 
is enabled by a pulse on the EN input, and a 3-bit code representing the value of the input 


appears on the encoder’s outputs. The binary code is determined by the highest-order input 
having a HIGH level. 
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A FIGURE 13-14 
A 3-bit flash ADC. 


The frequency of the enable pulses and the number of bits in the binary code determine 
the accuracy with which the sequence of binary codes represents the input of the ADC. 
There should be one enable pulse for each sampled level of the input signal. 


| EXAMPLE 13-1 
Determine the binary code output of the 3-bit flash ADC in Figure 13—14 for the 


input signal in Figure 13—15 and the encoder enable pulses shown. For this example, 
VeEF = +8 V. 


» FIGURE 13-15 


Sampling of values on a waveform 





for conversion to binary code. 
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Solution 


Related Problem * 


» FIGURE 13-17 
Basic dual-slope ADC. 


The resulting digital output sequence is listed as follows and shown in the waveform 
diagram of Figure 13-16 in relation to the enable pulses: 


100, 110, 111, 110, 100, 010, 000, 001, O11, 101, 110, 111 


| 2 3 4 5 6 ci 8 2 40 ted 


Enable pulses | [| [| [| [| [| [| [| [| [| [| [| 


| ] 
| | 
| | | | | | 
| | | | | | ‘ae, | | 
110011101 11111101 100101010001 001 1011 1 101 


A FIGURE 13-16 


Resulting digital outputs for sample-and-hold values. Output Dg is the LSB of the 3-bit binary code. 


If the enable pulse frequency in Figure 13—15 were halved, determine the binary 
numbers represented by the resulting digital output sequence for 6 pulses. Is any 
information lost? 


* Answers are at the end of the chapter. 


a a ee 


Dual-Slope Analog-to-Digital Converter 


A dual-slope ADC is common in digital voltmeters and other types of measurement instru- 
ments. A ramp generator (integrator) is used to produce the dual-slope characteristic. A 
block diagram of a dual-slope ADC is shown in Figure 13-17. 
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Figure 13-18 illustrates dual-slope conversion. Start by assuming that the counter is re- 
set and the output of the integrator is zero. Now assume that a positive input voltage is ap- 
plied to the input through the switch (SW) as selected by the control logic. Since the 


Vin 
O 
iat ie CLK 

. i 

SW).cO 
R =0V HIGH 
Counts up to n and 

= then resets 

—Verr Fixed interval 





f=n counts 


Variable terre? 











Variable 
voltage slope 
Control Latches 
logic 
EN 
(a) Fixed-interval, negative-going ramp (while the counter counts up to 7) Dz Dg Ds Ds D3 Dy D; Do 
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(c) Fixed-slope, positive-going ramp while the counter counts up again. When the ramp 
reaches 0 V, the counter stops, and the counter output is loaded into latches. D; De Ds Ds D3 Dy D, Do 


A FIGURE 13-18 





Illustration of dual-slope conversion. 
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inverting input of A, is at virtual ground, and assuming that V,,, is constant for a period of 
time, there will be constant current through the input resistor R and therefore through the 
capacitor C. Capacitor C will charge linearly because the current is constant, and as a re- 
sult, there will be a negative-going linear voltage ramp on the output of A,, as illustrated in 
Figure 13—18(a). 

When the counter reaches a specified count, it will be reset, and the control logic will 
switch the negative reference voltage (—Vprr) to the input of A,, as shown in Figure 
13—18(b). At this point the capacitor is charged to a negative voltage (— V) proportional to 
the input analog voltage. 

Now the capacitor discharges linearly because of the constant current from the — Vpgr, 
as shown in Figure 13—18(c). This linear discharge produces a positive-going ramp on the 
A, output, starting at — V and having a constant slope that is independent of the charge volt- 
age. As the capacitor discharges, the counter advances from its RESET state. The time it 
takes the capacitor to discharge to zero depends on the initial voltage — V (proportional to 
V;,) because the discharge rate (slope) is constant. When the integrator (A,) output voltage 
reaches zero, the comparator (A,) switches to the LOW state and disables the clock to the 
counter. The binary count is latched, thus completing one conversion cycle. The binary 
count is proportional to V;,, because the time it takes the capacitor to discharge depends only 
on — V, and the counter records this interval of time. 


_Successive-Approximation Analog-to-Digital Converter 


One of the most widely used methods of analog-to-digital conversion is successive- 
approximation. It has a much faster conversion time than the dual-slope conversion, but it 
is Slower than the flash method. It also has a fixed conversion time that is the same for any 
value of the analog input. 

Figure 13—19 shows a basic block diagram of a 4-bit successive approximation ADC. 
It consists of a DAC (DACs are covered in Section 13-5), a successive-approximation 
register (SAR), and a comparator. The basic operation is as follows: The input bits of the 
DAC are enabled (made equal to a 1) one at a time, starting with the most significant bit 
(MSB). As each bit is enabled, the comparator produces an output that indicates whether 
the input signal voltage is greater or less than the output of the DAC. If the DAC output 
is greater than the input signal, the comparator’s output is LOW, causing the bit in the 
register to reset. If the output is less than the input signal, the | bit is retained in the reg- 
ister. The system does this with the MSB first, then the next most significant bit, then 
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& FIGURE 13-19 





Successive-approximation ADC. 
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the next, and so on. After all the bits of the DAC have been tried, the conversion cycle 
is complete. 

In order to better understand the operation of the successive-approximation ADC, let’s 
take a specific example of a 4-bit conversion. Figure 13-20 illustrates the step-by-step con- 
version of a constant input voltage (5.1 V in this case). Let’s assume that the DAC has the 
following output characteristic: V,,,, = 8 V for the 2° bit (MSB), V,,,, = 4 V for the 27 bit, 
Viur = 2 V for the 2' bit, and V,,,, = 1 V for the 2° bit (LSB). 
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Illustration of the successive-approximation conversion process. 


Figure 13—20(a) shows the first step in the conversion cycle with the MSB = 1. The out- 
put of the DAC is 8 V. Since this is greater than the input of 5.1 V, the output of the com- 
parator is LOW, causing the MSB in the SAR to be reset to a 0. 

Figure 13—20(b) shows the second step in the conversion cycle with the 2” bit equal to a 
1. The output of the DAC is 4 V. Since this is less than the input of 5.1 V, the output of the 
comparator switches to a HIGH, causing this bit to be retained in the SAR. 

Figure 13—20(c) shows the third step in the conversion cycle with the 2' bit equal to a 1. 
The output of the DAC is 6 V because there is a | on the 2” bit input and on the 2' bit input; 
4V +2V =6V. Since this is greater than the input of 5.1 V, the output of the comparator 
switches to a LOW, causing this bit to be reset to a 0. 

Figure 13—20(d) shows the fourth and final step in the conversion cycle with the 2° bit 
equal to a 1. The output of the DAC is 5 V because there is a 1 on the 2? bit input and on the 
2° bit input; 4V + 1V=5V. 

The four bits have all been tried, thus completing the conversion cycle. At this point the 
binary code in the register is 0101, which is approximately the binary value of the input of 
5.1 V. Additional bits will produce an even more accurate result. Another conversion cy- 
cle now begins, and the basic process is repeated. The SAR is cleared at the beginning of 
each cycle. 
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The ADC0804 is an example of a successive-approximation ADC. A block diagram is 
shown in Figure 13—21. This device operates from a +5 V supply and has a resolution of 
eight bits with a conversion time of 100 us. Also, it has an on-chip clock generator. The data 
outputs are tristate, so they can be interfaced with a microprocessor bus system. 


>» FIGURE 13-21 
The ADC0804 analog-to-digital 
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The basic operation of the device is as follows: The ADC0804 contains the equivalent 
of a 256-resistor DAC network. The successive-approximation logic sequences the network 
to match the analog differential input voltage (V,,,, — V;,.) with an output from the resis- 
tive network. The MSB is tested first. After eight comparisons (sixty-four clock periods), 
an 8-bit binary code is transferred to output latches, and the interrupt (JNTR) output goes 
LOW. The device can be operated in a free-running mode by connecting the JNTR output 
to the write (WR) input and holding the conversion start (CS) LOW. To ensure startup un- 
der all conditions, a LOW WR input is required during the power-up cycle. Taking CS low 
anytime after that will interrupt the conversion process. 

When the WR input goes LOW, the internal successive-approximation register (SAR) 
and the 8-bit shift register are reset. As long as both CS and WR remain LOW, the ADC re- 
mains in a RESET state. Conversion starts one to eight clock periods after CS or WR makes 
a LOW-to-HIGH transition. 

When a LOW is at both the CS and RD inputs, the tristate output latch is enabled and the 
output code is applied to the D)—D,; lines. When either the CS or the RD input returns to a 
HIGH, the D)>—D, outputs are disabled. 








_ Sigma-Delta Analog-to-Digital Converter 


Sigma-delta is a widely used method of analog-to-digital conversion, particularly in telecom- 
munications using audio signals. The method is based on delta modulation where the differ- 
ence between two successive samples (increase or decrease) is quantized; other ADC methods 
were based on the absolute value of a sample. Delta modulation is a 1-bit quantization method. 

The output of a delta modulator is a single-bit data stream where the relative number of 
Is and Os indicates the level or amplitude of the input signal. The number of 1s over a given 
number of clock cycles establishes the signal amplitude during that interval. A maximum 
number of Is corresponds to the maximum positive input voltage. A number of Is equal to 
one-half the maximum corresponds to an input voltage of zero. No Is (all Os) corresponds 
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to the maximum negative input voltage. This is illustrated in a simplified way in Figure 
13-22. For example, assume that 4096 Is occur during the interval when the input signal is 
a positive maximum. Since zero is the midpoint of the dynamic range of the input signal, 
2048 1s occur during the interval when the input signal is zero. There are no |s during the 
interval when the input signal is a negative maximum. For signal levels in between, the 
number of Is is proportional to the level. 


«@ FIGURE 13-22 
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The Sigma-Delta ADC Functional Block Diagram The basic block diagram in Figure 
13-23 accomplishes the conversion illustrated in Figure 13—22. The analog input signal and 
the analog signal from the converted quantized bit stream from the DAC in the feedback loop 
are applied to the summation () point. The difference (A) signal out of the ¥ is integrated, 
and the 1-bit ADC increases or decreases the number of 1s depending on the difference sig- 
nal. This action attempts to keep the quantized signal that is fed back equal to the incoming 
analog signal. The 1|-bit quantizer is essentially a comparator followed by a latch. 
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To complete the sigma-delta conversion process using one particular approach, the sin- 
gle bit data stream is converted to a series of binary codes, as shown in Figure 13—24. The 
counter counts the Is in the quantized data stream for successive intervals. The code in the 
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One type of sigma-delta ADC. 
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counter then represents the amplitude of the analog input signal for each interval. These 
codes are shifted out into the latch for temporary storage. What comes out of the latch is a 
series of n-bit codes, which completely represent the analog signal. 

Another approach uses a digital decimation filter to produce the output instead of the 
counter and latch. This subject is beyond the scope of our coverage. 


Testing Analog-to-Digital Converters 


One method for testing ADCs is shown in Figure 13—25. A DAC is used as part of the test 
setup to convert the ADC output back to analog form for comparison with the test input. 

A test input in the form of a linear ramp is applied to the input of the ADC. The result- 
ing binary output sequence is then applied to the DAC test unit and converted to a stairstep 
ramp. The input and output ramps are compared for any deviation. 


Binary . 
code DAC 






Analog output 


A FIGURE 13-25 
A method for testing ADCs. 


_Analog-to-Digital Conversion Errors 


Again, a 4-bit conversion is used to illustrate the principles. Let’s assume that the test input 
is an ideal linear ramp. 


Missing Code The stairstep output in Figure 13—26(a) indicates that the binary code 1001 
does not appear on the output of the ADC. Notice that the 1000 value stays for two inter- 
vals and then the output jumps to the 1010 value. 
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Illustrations of analog-to-digital conversion errors. 
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In a flash ADC, for example, a failure of one of the op-amp comparators can cause a 
missing-code error. 


Incorrect Codes The stairstep output in Figure 13—26(b) indicates that several of the bi- 
nary code words coming out of the ADC are incorrect. Analysis indicates that the 2'-bit line 
is stuck in the LOW (0) state in this particular case. 


Offset Offset conditions are shown in 13—26(c). In this situation the ADC interprets the 
analog input voltage as greater than its actual value. 


: EXAMPLE 13-2 | 
A 4-bit flash ADC is shown in Figure 13—27(a). It is tested with a setup like the one in 


Figure 13-25. The resulting reconstructed analog output is shown in Figure 13—27(b). 
Identify the problem and the most probable fault. 
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& FIGURE 13-27 


Solution The binary code 0011 is missing from the ADC output, as indicated by the missing 
step. Most likely, the output of comparator 3 is stuck in its inactive state (LOW). 





Related Problem Reconstruct the analog output in a test setup like in Figure 13-25 if the ADC in Figure | 
13—27(a) has comparator 8 stuck in the HIGH output state. 
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| [section 13-3 
 TREvVIEW 


1. What is the fastest method of analog-to-digital conversion? 
2. Which analog-to-digital conversion method produces a single-bit data stream? 
3. Does the successive-approximation converter have a fixed conversion time? 


4. Name two types of output errors in an ADC. 


(13-4 THE DIGITAL SIGNAL PROCESSOR (DSP) 


» FIGURE 13-28 


The DSP has a digital input and 
produces a digital output. 


Essentially, a digital signal processor (DSP) is a special type of microprocessor that 
processes data in real time. Its applications focus on the processing of digital data that 
represents analog signals. A DSP, like a microprocessor, has a central processing unit 
(CPU) and memory units in addition to many interfacing functions. Every time you 
use your cellular telephone, you are using a DSP, and this is only one example of its 
many applications. 


After completing this chapter, you should be able to 


= Explain the basic concepts of a DSP ® List some of the applications of DSPs 
= Describe the basic functions of a DSP in a cell phone ® Discuss the TMS320C6000 
series DSP 


The digital signal processor (DSP) is the heart of a digital signal processing system. It 
takes its input from an ADC and produces an output that goes to a DAC, as shown in Figure 
13-28. As you have learned, the ADC changes an analog waveform into data in the form of 
a series of binary codes that are then applied to the DSP for processing. After being 
processed by the DSP, the data go to a DAC for conversion back to analog form. 


Digital input Digital output 
from ADC to DAC 


Analog ADC q DSP y DAC Analog 


input output 


DSP Programming 


DSPs are typically programmed in either assembly language or in C. Because programs 
written in assembly language can usually execute faster and because speed is critical in most 
DSP applications, assembly language is used much more in DSPs than in general-purpose 
microprocessors. Also, DSP programs are usually much shorter than traditional micro- 
processor programs because of their very specialized applications where much redundancy 
is used. In general, the instruction sets for DSPs tend to be smaller than for microprocessors. 


DSP Applications 


The DSP, unlike the general-purpose microprocessor, must typically process data in real 
time; that is, as it happens. Many applications in which DSPs are used cannot tolerate any 
noticeable delays, requiring the DSP to be extremely fast. In addition to cell phones, digi- 
tal signal processors (DSPs) are used in multimedia computers, video recorders, CD play- 
ers, hard disk drives, digital radio modems, and other applications to improve the signal 
quality. Also, DSPs are becoming more common in television applications. 
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An important application of DSPs is in signal compression and decompression. In CD 
systems, for example, the music on the CD is in a compressed form so that it doesn’t use as 
much storage space. It must be decompressed in order to be reproduced. Also signal com- 
pression is used in cell phones to allow a greater number of calls to be handled simultane- 
ously in a local cell. Some other areas where it has had a major impact are as follows. 


Telecommunications The field of telecommunications involves transferring all types of 
information from one location to another, including telephone conversations, television sig- 
nals, and digital data. Among other functions, the DSP facilitates multiplexing many sig- 
nals onto one transmission channel because information in digital form is relatively easy to 
multiplex and demultiplex. 

At the transmitting end of a telecommunications system, DSPs are used to compress dig- 
itized voice signals for conservation of bandwidth. Compression is the process of reducing 
the data rate. Generally, a voice signal is converted to digital form at 8000 samples per sec- 
ond (sps), based on a Nyquist frequency of 4 kHz. If 8 bits are used to encode each sample, 
the data rate is 64 kbits/s. In general, reducing (compressing) the data rate from 64 kbits/s to 
32 kbits/s results in no loss of sound quality. When the data are compressed to 8 kbits/s, the 
sound quality is reduced noticeably. When compressed to the minimum of 2 kbits/s, the sound 
is greatly distorted but still usable for some applications where only word recognition and not 
quality is important. At the receiving end of a telecommunications system, the DSP decom- 
presses the data to restore the signal to its original form. 

Echoes, a problem in many long distance telephone connections, occur when a portion 
of a voice signal is returned with a delay. For shorter distances, this delay is barely notice- 
able; but as the distance between the transmitter and the receiver increases, so does the de- 
lay time of the echo. DSPs are used to effectively cancel the annoying echo, which results 
in a clear, undisturbed voice signal. 


Music Processing The DSP is used in the music industry to provide filtering, signal addi- 
tion and subtraction, and signal editing in music preparation and recording. Also, another 
application of the DSP is to add artificial echo and reverberation, which are usually mini- 
mized by the acoustics of a sound studio, in order to simulate ideal listening environments 
from concert halls to small rooms. 


Speech Generation and Recognition DSPs are used in speech generation and recog- 
nition to enhance the quality of man/machine communication. The most common method 
used to produce computer-generated speech is digital recording. In digital recording, the 
human voice is digitized and stored, usually in a compressed form. During playback the 
stored voice data are uncompressed and converted back into the original analog form. 
Approximately an hour of speech can be stored using about 3 MB of memory. 

Speech recognition is much more difficult to accomplish than speech generation. Even 
with today’s computers, speech recognition is very limited and, with a few exceptions, the re- 
sults are only moderately successful. The DSP is used to isolate and analyze each word in the 
incoming voice signal. Certain parameters are identified in each word and compared with pre- 
vious examples of the spoken word to create the closest match. Most systems are limited to 
a few hundred words at best. Also, significant pauses between words are usually required and 
the system must be “trained” for a given individual’s voice. Speech recognition is an area of 
tremendous research effort and will eventually be applied in many commercial applications. 


Radar Inradio detection and ranging (radar) applications, DSPs provide more accurate 
determination of distance using data compression techniques, decrease noise using filter- 
ing techniques, thereby increasing the range, and optimize the ability of the radar system 
to identity specific types of targets. DSPs are also used in similar ways in sonar systems. 


image Processing The DSP is used in image-processing applications such as the com- 
puted tomography (CT) and magnetic resonance imaging (MRI), which are widely used in 
the medical field for looking inside the human body. In CT, X-rays are passed through a 





COMPUTER NOTE 


Sound cards used in computers use 
an ADC to convert sound from a 
microphone, audio CD player, or 
other source into a digital signal. 
The ADC sends the digital signal 
to a digital signal processor (DSP). 
Based on instructions from a 
ROM, one function of the DSP is 
to compress the digital signal so it 
uses less storage space. The DSP 
then sends the compressed data 
to the computer’s processor 
which, in turn, sends the data to a 
hard drive or CD ROM for storage. 
To play a recorded sound, the 
stored data is retrieved by the 
processor and sent to the DSP 
where it is decompressed and sent 
to a DAC. The output of the DAC, 
which is a reproduction of the 
original sound signal, is applied to 
the speakers. 
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section of the body from many directions. The resulting signals are converted to digital form 
and stored. This stored information is used to produce calculated images that appear to be 
slices through the human body that show great detail and permit better diagnosis. 

Instead of X-rays, MRI uses magnetic fields in conjunction with radio waves to probe 
inside the human body. MRI produces images, just as CT, and provides excellent discrim- 
ination between different types of tissue as well as information such as blood flow through 
arteries. MRI depends entirely on digital signal processing methods. 

In applications such as video telephones, digital television, and other media that provide 
moving pictures, the DSP uses image compression to reduce the number of bits needed, 
making these systems commercially feasible. 


Filtering DSPs are commonly used to implement digital filters for the purposes of sepa- 
rating signals that have been combined with other signals or with interference and noise and 
for restoring signals that are distorted. Although analog filters are quite adequate for some 
applications, the digital filter is generally much superior in terms of the performance that 
can be achieved. One drawback to digital filters is that the execute time required produces 
a delay from the time the analog signal is applied until the time the output appears. Analog 
filters present no delay problems because as soon as the input occurs, the response appears 
on the output. Analog filters are also less expensive than digital filters. Regardless of this, 
the overall performance of the digital filter is far superior in many applications. 


The DSP in a Cellular Telephone 


The digital cellular telephone is an example of how a DSP can be used. Figure 13-29 shows 
a simplified block diagram of a digital cell phone. The voice codec (codec is the abbrevia- 
tion for coder/decoder) contains, among other functions, the ADC and DAC necessary to 
convert between the analog voice signal and a digital voice format. Sigma-delta conversion 
is typically used in most cell phone applications. For transmission, the voice signal from 
the microphone is converted to digital form by the ADC in the codec and then it goes to the 
DSP for processing. From the DSP, the digital signal goes to the rf (radio frequency) sec- 
tion where it is modulated and changed to the radio frequency for transmission. An incom- 
ing rf signal containing voice data is picked up by the antenna, demodulated, and changed 
to a digital signal. It is then applied to the DSP for processing, after which the digital sig- 
nal goes to the codec for conversion back to the original voice signal by the DAC. It is then 
amplified and applied to the speaker. 
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4 FIGURE 13-29 
Simplified block diagram of a digital cellular phone. 
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Functions Performed bythe DSP In acellular phone application, the DSP performs many 
functions to improve and facilitate the reception and transmission of a voice signal. Some 
of these DSP functions are as follows: 


» Speech compression. The rate of the digital voice signal is reduced significantly 
for transmission in order to meet the bandwidth requirements. 


» Speech decompression. The rate of the received digital voice signal is returned to 
its original rate in order to properly reproduce the analog voice signal. 


© Protocol handling. The cell phone communicates with the nearest base in order to 
establish the location of the cell phone, allocates time and frequency slots, and 
arranges handover to another base station as the phone moves into another cell. 


” Error detection and correction. During transmission, error detection and 
correction codes are generated and, during reception, detect and correct errors 
induced in the rf channel by noise or interference. 


» Encryption. Converts the digital voice signal to a form for secure transmission and 
converts it back to original form during reception. 


Basic DSP Architecture 


As mentioned before, a DSP is basically a specialized microprocessor optimized for speed 
in order to process data in real time. Many DSPs are based on what is known as the Har- 
vard architecture, which consists of a central processing unit (CPU) and two memories, one 
for data and the other for the program, as shown by the block diagram in Figure 13-30. 





| Address bus Address bus _ — 
memory | memory 


Databus Instruction bus — 


Specific DSPs—The TMS320C6000 Series 


DSPs are manufactured by several companies including Texas Instruments, Motorola, and 
Analog Devices. DSPs are available for both fixed-point and floating-point processing. Re- 
call from Chapter 2 that these two methods differ in the way numbers are stored and ma- 
nipulated. All floating-point DSPs can also handle numbers in fixed-point format. 
Fixed-point DSPs are less expensive than the floating-point versions and, generally, can op- 
erate faster. The details of DSP architecture can vary significantly, even within the same 
family. Let’s look briefly at one particular DSP series as an example of how a DSP is gen- 
erally organized. 

Examples of DSPs available in the TMS320C6000 series include the TMS320C62xx, 
the TMS320C64xx, and the TMS320C67xx, which are part of Texas Instrument’s TMS320 
family of devices. A general block diagram for these devices is shown in Figure 13-31. 

The DSPs have a central processing unit (CPU), also known as the DSP core, that con- 
tains 64 general-purpose 32-bit registers in the C64xx and 32 general-purpose 32-bit regis- 
ters in the C62xx and the C67xx. The C67xx can handle floating-point operations, whereas 
the C62xx and C64xx are fixed-point devices. 

Each DSP has eight functional units that contain two 16-bit multipliers and six arith- 
metic logic units (ALUs). The performance of the three DSPs in the C6000 series in terms 


«@ FIGURE 13-30 


Many DSPs use the Harvard 
architecture (two memories). 


765 


766 ® INTRODUCTION TO DIGITAL SIGNAL PROCESSING 












» TABLE 13-3 
TMS320C6000 series DSP data 
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A FIGURE 13-31 
General block diagram of the TMS320C6000 series DSP. 


of MIPS (Million Instructions Per Second), MFLOPS (Million Floating-point Opera- 
tions Per Second), and MMACS (Million Multiply/Accumulates per Second) is shown in 
Table 13-3. 


MULTIPLY/ 
PROCESSING ACCUMULATE 
APPLICATION BY 2 = SPEED 


1200-2400 MIPS 300-600 MMACS 
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Fixed-point 






C64xx | Fixed-point Special-purpose 3200-4800 MIPS 1600-2400 MMACS 
Floating-point | General-purpose | 600-1000 MFLOPS | 200-333 MMACS 
. I a oe 





Data Paths inthe CPU In the CPU, the program fetch, instruction dispatch, and instruc- 
tion decode sections can provide eight 32-bit instructions to the functional units during 
every clock cycle. The CPU is split into two data paths, and instruction processing occurs 
in both data paths A and B. Each data path contains half of the general-purpose registers 
(16 in the C62xx and C67xx or 32 in the C64xx) and four functional units. The control reg- 
ister and logic are used to configure and control the various processor operations. 


Functional Units Each data path has four functional units. The M units (labeled .M1 and 
‘M2 in Figure 13-31) are dedicated multipliers. The L units (labeled .L1 and .L2) perform 
arithmetic, logic, and miscellaneous operations. The S units (labeled .S1 and .S2) perform 
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compare, shift, and miscellaneous arithmetic operations. The D units (labeled .D1 and .D2) 
perform load, store, and miscellaneous operations. 


Pipeline A pipeline allows multiple instructions to be processed simultaneously. A 
pipeline operation consists of three stages through which all instructions flow: fetch, de- 
code, execute. Eight instructions at a time are first fetched from the program memory; they 
are then decoded, and finally they are executed. 

During fetch, the eight instructions (called a packet) are taken from memory in four 
phases, as shown in Figure 13-32. 


» Program address generate (PG). The program address is generated by the CPU. 
» Program address send (PS). The program address is sent to the memory. 
« Program access ready wait (PW). A memory read operation occurs. 


« Program fetch packet receive (PR). The CPU receives the packet of instructions. 


@ FIGURE 13-32 


Program Program Program Program The four fetch phases of the pipeline 
address address access - fetch operation. 
generate send ready wait packet receive 

(PG) (PS) (PW) (PR) 


Two phases make up the instruction decode stage of pipeline operation, as shown in 
Figure 13-33. The instruction dispatch (DP) phase is where the instruction packets are split 
into execute packets and assigned to the appropriate functional units. The instruction de- 
code (DC) phase is where the instructions are decoded. 


«@ FIGURE 13-33 


The two decode phases of the 


Dispatch Decode 
pipeline operation. 


(DP) (DC) 


The execute stage of the pipeline operation is where the instructions from the decode 
stage are carried out. The execute stage has a maximum of five phases (EI through E5), as 
shown in Figure 13-34. All instructions do not use all five phases. The number of phases 
used during execution depends on the type of instruction. Part of the execution of an in- 
struction requires getting data from the data memory. 


@ FIGURE 13-34 


The five execute phases of pipeline 
Bi —<——<$ —> FB ——~ FF > : 
operation. 


Internal DSP Memory and Interfaces As you can see in Figure 13-31, there are two internal 
memories, one for data and one for program. The program memory is organized in 256 bit pack- 
ets (eight 32-bit instructions) and there are 64 kB of capacity. The data memory also has a ca- 
pacity of 64 kB and can be accessed in 8-, 16-, 32-, or 64-bit word lengths, depending on the 
specific device in the series. Both internal memories are accessed with a 32-bit address. The 
DMA (Direct Memory Access) is used to transfer data without going through the CPU. The 
EMIF (External Memory Interface) is used to support external memories when required in an 
application. Additional interface is provided for serial I/O ports and other external devices. 


Timers There are two general-purpose timers in the DSP that can be used for timed events, 
counting, pulse generation, CPU interrupts, and more. 
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Packaging These particular processors are available in 352-pin ball grid array (BGA) 
packages, as shown in Figure 13—35, and are implemented with CMOS technology. 


U 
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A FIGURE 13-35 
A 352-pin BGA package. 


_ [SECTION 13-4 
— TReview 1. What is meant by the Harvard architecture? 


. What is a DSP core? 

. Name two categories of DSPs according to the type of numbers handled. 
. What are the two types of internal memory? 

. Define (a) MIPS (b) MFLOPS (c) MMACS. 


. Basically, what does pipelining accomplish? 


Om fb WwW NN 


7. Name the three stages of pipeline operation. 


8. What happens during the fetch phase? 


(13-5 DIGITAL-TO-ANALOG CONVERSION METHODS 


Digital-to-analog conversion is an important part of the digital processing system. Once 
the digital data have been processed by the DSP, they are converted back to analog 
form. In this section, we will examine the theory of operation of two basic types of 
digital-to-analog converters (DACs) and learn about their performance characteristics. 


After completing this section, you should be able to 


= Explain the operation of a binary-weighted-input DAC = Explain the operation of 
an K/2R ladder DAC ® Discuss resolution, accuracy, linearity, monotonicity, and 
settling time ina DAC ® Discuss the testing of DACs for nonmonotonicity, 
differential nonlinearity, low or high gain, and offset error 
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_Binary-Weighted-Input Digital-to-Analog Converter 


One method of digital-to-analog conversion uses a resistor network with resistance values 
that represent the binary weights of the input bits of the digital code. Figure 13-36 shows 
a 4-bit DAC of this type. Each of the input resistors will either have current or have no cur- 
rent, depending on the input voltage level. If the input voltage is zero (binary 0), the current 
is also zero. If the input voltage is HIGH (binary 1), the amount of current depends on the 
input resistor value and is different for each input resistor, as indicated in the figure. 


8R Font a [Ry 
R: 





Since there is practically no current into the op-amp inverting (—) input, all of the input 
currents sum together and go through R;. Since the inverting input is at 0 V (virtual ground), 
the drop across R; is equal to the output voltage, so V,,,,, = [pRy. 

The values of the input resistors are chosen to be inversely proportional to the binary 
weights of the corresponding input bits. The lowest-value resistor (R) corresponds to the 
highest binary-weighted input (2°). The other resistors are multiples of R (that is, 2R, 4R, 
and 8R) and correspond to the binary weights 2”, 2', and 2°, respectively. The input currents 
are also proportional to the binary weights. Thus, the output voltage is proportional to the 
sum of the binary weights because the sum of the input currents is through R,. 

Disadvantages of this type of DAC are the number of different resistor values and the 
fact that the voltage levels must be exactly the same for all inputs. For example, an 8-bit 
converter requires eight resistors, ranging from some value of R to 128R in binary-weighted 
steps. This range of resistors requires tolerances of one part in 255 (less than 0.5%) to ac- 
curately convert the input, making this type of DAC very difficult to mass-produce. 


« FIGURE 13-36 


A 4-bit DAC with binary-weighted 
inputs. 


| EXAMPLE 13-3 
Determine the output of the DAC in Figure 13—37(a) if the waveforms representing a 


sequence of 4-bit numbers in Figure 13—37(b) are applied to the inputs. Input Dp is the 


least significant bit (LSB). 
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“& FIGURE 13-37 
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Solution First, determine the current for each of the weighted inputs. Since the inverting (—) 
input of the op-amp is at 0 V (virtual ground) and a binary | corresponds to +5 V, the 
current through any of the input resistors is 5 V divided by the resistance value. 








Ip = AY Gist ah 
200 k 

is a = 0.05 mA 

a Oe 

b= =~ = 0.2mA 


Almost no current goes into the inverting op-amp input because of its extremely 
high impedance. Therefore, assume that all of the current goes through the feedback 
resistor Ry. Since one end of R; is at 0 V (virtual ground), the drop across R; equals the 
output voltage, which is negative with respect to virtual ground. 

Vour(po) = (10 kO)(—0.025 mA) = —0.25 V 

Vou(p1) = (10 kQ)(—0.05 mA) = —0.5 V 
ate = (LOKO)(-0.1 mA) = -1V 
a(pay — (10 kO)(-0:.2mA) = —2.V 


V, 


O 


V, 


O 


From Figure 13—37(b), the first binary input code is 0000, which produces an output 
voltage of 0 V. The next input code is 0001, which produces an output voltage of —0.25 V. 
For this, the output voltage is —0.25 V. The next code is 0010, which produces an output 
voltage of —0.5 V. The next code is 0011, which produces an output voltage of —0.25 V + 
—().5 V = —0.75 V. Each successive binary code increases the output voltage by —0.25 V, 
so for this particular straight binary sequence on the inputs, the output is a stairstep 
waveform going from 0 V to —3.75 V in —0.25 V steps. This is shown in Figure 13-38. 


» FIGURE 13-38 


Output of the DAC in 0 
Figure 13-37. 
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Binary input 
—0.25 
—0.50 
—0.75 
—1.00 
—1.25 
—1.50 
—1.75 
—2.00 
—2.25 
—2.50 
—2.75 
—3.00 
—3.25 
—3.50 
—3.75 
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Related Problem Reverse the input waveforms to the DAC in Figure 13-37 (D; to Do, D; to D,, D, to 
| D,, Dy to D3) and determine the output. j 


a 
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The R/2R Ladder Digital-to-Analog Converter 


Another method of digital-to-analog conversion is the R/2R ladder, as shown in Figure 13-39 
for four bits. It overcomes one of the problems in the binary-weighted-input DAC in that it re- 
quires only two resistor values. 


Inputs 


ea San eas * 90 eo ee 
Oren Oo D, as om om 
R, R; Rs R Ry = 2K 
2R 2R 2R 2R 
R, Ry Rg Rg 
2R R R R OV, 


Start by assuming that the D; input is HIGH (+5 V) and the others are LOW (ground, 
QV). This condition represents the binary number 1000. A circuit analysis will show that this 
reduces to the equivalent form shown in Figure 13—40(a). Essentially no current goes 
through the 2R equivalent resistance because the inverting input is at virtual ground. Thus, 
all of the current (7 = 5 V/2R) through R; also goes through R;, and the output voltage is 
—5 V. The operational amplifier keeps the inverting (—) input near zero volts (=O V) because 
of negative feedback. Therefore, all current goes through K,rather than into the inverting input. 

Figure 13—40(b) shows the equivalent circuit when the D, input is at +5 V and the oth- 
ers are at ground. This condition represents 0100. If we thevenize* looking from Rx, we get 
2.5 V in series with R, as shown. This results in a current through R, of I = 2.5 V/2R, which 
gives an output voltage of —2.5 V. Keep in mind that there is no current into the op-amp in- 
verting input and that there is no current through the equivalent resistance to ground be- 
cause it has 0 V across it, due to the virtual ground. 

Figure 13—40(c) shows the equivalent circuit when the D, input is at +5 V and the oth- 
ers are at ground. This condition represents 0010. Again thevenizing looking from R,, you 
get 1.25 V in series with R as shown. This results in a current through R, of J = 1.25 V/2R, 
which gives an output voltage of —1.25 V. 

In part (d) of Figure 13-40, the equivalent circuit representing the case where Dy is at 
+5 V and the other inputs are at ground is shown. This condition represents 0001. Thev- 
enizing from Rg gives an equivalent of 0.625 V in series with R as shown. The resulting cur- 
rent through R;is J = 0.625 V/2R, which gives an output voltage of —0.625 V. 

Notice that each successively lower-weighted input produces an output voltage that is 
halved, so that the output voltage is proportional to the binary weight of the input bits. 


Performance Characteristics of Digital-to-Analog Converters 


The performance characteristics of a DAC include resolution, accuracy, linearity, monoto- 
nicity, and settling time, each of which is discussed in the following list: 


« Resolution. The resolution of a DAC is the reciprocal of the number of discrete steps 
in the output. This, of course, is dependent on the number of input bits. For example, 
a 4-bit DAC has a resolution of one part in 2* — 1 (one part in fifteen). Expressed as 
a percentage, this is (1/15)100 = 6.67%. The total number of discrete steps equals 
2" — 1, where n is the number of bits. Resolution can also be expressed as the num- 
ber of bits that are converted. 





tk es s ° a 
Thevenin’s theorem states that any circuit can be reduced to an equivalent voltage source in series with an 
equivalent resistance. 


“ FIGURE 13-39 
An R/2R ladder DAC. 
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Equivalent ladder 
resistance with D,, ——» 


D,, and Dp grounded 








D,=0 
(b) Equivalent circuit for D,; = 0, D, = 1, D; = 0, Dy = 9 





Dy =0 D,=0 D,=0 
(c) Equivalent circuit for D; = 0, D, =0, D; = 1, Dp = 9 
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+ 0.625 V 
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D,=0 D,=0  D;=0 1. s je) 2R =-0.625 V 


(d) Equivalent circuit for D3 = 0, D, =0, D; =0, Dp = | 





A FIGURE 13-40 
Analysis of the R/2R ladder DAC. 
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» Accuracy. Accuracy is derived from a comparison of the actual output of a DAC 
with the expected output. It is expressed as a percentage of a full-scale, or 
maximum, output voltage. For example, if a converter has a full-scale output of 
10 V and the accuracy is +0.1%, then the maximum error for any output voltage is 
(10 V)(0.001) = 10 mV. Ideally, the accuracy should be no worse than + 1/2 of a 
least significant bit. For an 8-bit converter, the least significant bit is 0.39% of full 
scale. The accuracy should be approximately +0.2%. 


« Linearity. A linear error is a deviation from the ideal straight-line output of a DAC. 
A special case is an offset error, which is the amount of output voltage when the 
input bits are all zeros. 


« Monotonicity. A DAC is monotonic if it does not take any reverse steps when it is 
sequenced over its entire range of input bits. 


» Settling time. Settling time is normally defined as the time it takes a DAC to settle 
within + 1/2 LSB of its final value when a change occurs in the input code. 


, EXAMPLE 13-4 
Determine the resolution, expressed as a percentage, of the following: 


(a) an 8-bit DAC (b) a 12-bit DAC 













Solution (a) For the 8-bit converter, 


| 1 
——— xX 100 = — X 100 = 0;392% 
| 255 i 


(b) For the 12-bit converter, 


| 
——=__¢« 19) = ——— x 100 = 0.0244” 
912 4 A095 


Related Problem Calculate the resolution for a 16-bit DAC. 








Testing Digital-to-Analog Converters 


The concept of DAC testing is illustrated in Figure 13-41. In this basic method, a sequence 
of binary codes is applied to the inputs, and the resulting output is observed. The binary 
code sequence extends over the full range of values from 0 to 2” — 1 in ascending order, 
where n is the number of bits. 


fF Binary 
code DAC 


‘Binary test © 


sequence = 2 


—Oto2"-1 | 





A FIGURE 13-41 
Basic test setup for a DAC. 
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» FIGURE 13-42 


Illustrations of several digital-to- 
analog conversion errors. 


The ideal output is a straight-line stairstep as indicated. As the number of bits in the bi- 
nary code is increased, the resolution is improved. That is, the number of discrete steps in- 
creases, and the output approaches a straight-line linear ramp. 


_Digital-to-Analog Conversion Errors 


Several digital-to-analog conversion errors to be checked for are shown in Figure 13-42, 
which uses a 4-bit conversion for illustration purposes. A 4-bit conversion produces fifteen 
discrete steps. Each graph in the figure includes an ideal stairstep ramp for comparison with 
the faulty outputs. 


Nonmonotonicity The step reversals in Figure 13—42(a) indicate nonmonotonic per- 
formance, which is a form of nonlinearity. In this particular case, the error occurs because 
the 2' bit in the binary code is interpreted as a constant 0. That is, a short is causing the bit 
input line to be stuck LOW. 


Differential Nonlinearity Figure 13—42(b) illustrates differential nonlinearity in which 
the step amplitude is less than it should be for certain input codes. This particular output 
could be caused by the 2° bit having an insufficient weight, perhaps because of a faulty in- 
put resistor. We could also see steps with amplitudes greater than normal if a particular bi- 
nary weight were greater than it should be. 


Analog 
output 


















Or NWRYNHA~1C 





(a) Nonmonotonic output (green) (b) Differential nonlinearity (green) 
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Low or High Gain Output errors caused by low or high gain are illustrated in Figure 
13-42(c). In the case of low gain, all of the step amplitudes are less than ideal. In the case 
of high gain, all of the step amplitudes are greater than ideal. This situation may be caused 
by a faulty feedback resistor in the op-amp circuit. 


Offset Error An offset error is illustrated in Figure 13-42(d). Notice that when the binary 
input is OOOO, the output voltage is nonzero and that this amount of offset is the same for all 
steps in the conversion. A faulty op-amp may be the culprit in this situation. 


EXAMPLE 13-5 
The DAC output in Figure 13-43 is observed when a straight 4-bit binary sequence 


is applied to the inputs. Identify the type of error, and suggest an approach to isolate 
the fault. 


>» FIGURE 13-43 





Solution The DAC in this case is nonmonotonic. Analysis of the output reveals that the device 
is converting the following sequence, rather than the actual binary sequence applied to 
the inputs. 


OOLO, OOLT, OOTO, OOTLT, O110, O11, O10, OLLI, 1020, LOUL, LOTTO, LOLL. 110, Did PLEO: 21a 


Apparently, the 2! bit is stuck in the HIGH (1) state. To find the problem, first 
monitor the bit input pin to the device. If it is changing states, the fault is internal to 
the DAC and it should be replaced. If the external pin is not changing states and is 
always HIGH, check for an external short to + V that may be caused by a solder bridge 
somewhere on the circuit board. 


Related Problem Determine the output of a DAC when a straight 4-bit binary sequence is applied to the 
inputs and the 2° bit is stuck HIGH. 











The Reconstruction Filter 


The output of the DAC is a “stairstep” approximation of the original analog signal after it 
has been processed by the DSP. The purpose of the low-pass reconstruction filter (some- 
times called a postfilter) is to smooth out the DAC output by eliminating the higher fre- 
quency content that results from the fast transitions of the “‘stairsteps,” as roughly illustrated 
in Figure 13-44. 
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Output of the DAC 






Reconstruction 
filter 






Final analog output 


A FIGURE 13-44 
The reconstruction filter smooths the output of the DAC. 


| [section 13-5 
_ PREVIEW 


1. What is the disadvantage of the DAC with binary weighted inputs? | 
2. What is the resolution of a 4-bit DAC? | 
3. How do you detect nonmonotonic behavior in a DAC? 


4. What effect does low gain have on a DAC output? 





= Digital signal processing is the digital processing of analog signals, usually in real-time, for the 
purpose of modifying or enhancing the signal in some way. 


In general, a digital signal processing system consists of an anti-aliasing filter, a sample-and- 
hold circuit, an analog-to-digital converter, a DSP (digital signal processor), a digital-to-analog 
converter, and a reconstruction filter. 

Sampling converts an analog signal into a series of impulses, each representing the signal 
amplitude at a given instant in time. 

The sampling theorem states that the sampling frequency must be at least twice the highest 
sampled frequency (Nyquist frequency). 

Analog-to-digital conversion changes an analog signal into a series of digital codes. 

Four types of analog-to-digital converters (ADCs) are flash (simultaneous), dual-slope, 
successive-approximation, and sigma-delta. 

A DSP is a specialized microprocessor optimized for speed in order to process data as it occurs 
(real-time). 

Most DSPs are based on the Harvard architecture, which means that there is a data memory and 
a program memory. 

A pipeline operation consists of fetch, decode, and execute stages. 

Digital-to-analog conversion changes a series of digital codes that represent an analog signal 
back into the analog signal. 

Two types of digital-to-analog converters (DACs) are binary-weighted input and R/2R ladder. 


PKEVTERMS = Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


Aliasing The effect created when a signal is sampled at less than twice the signal frequency. Aliasing 
creates unwanted frequencies that interfere with the signal frequency. 


Analog-to-digital converter (ADC) A circuit used to convert an analog signal to digital form. 


Decode A stage of the DSP pipeline operation in which instructions are assigned to functional units 
and are decoded. 


SELF-TEST @& 777 


Digital-to-analog converter (DAC) A circuit used to convert the digital representation of an analog 
signal back to the analog signal. 


DSP Digital signal processor; a special type of microprocessor that processes data in real time. 
DSP core The central processing unit of a DSP. 

Execute A stage of the DSP pipeline operation in which the decoded instructions are carried out. 
Fetch A stage of the DSP pipeline operation in which an instruction is obtained from the program 
memory. 

MFLOPS Million floating-point operations per second. 

MIPS Million instructions per second. 

MMACS Million multiply/accumulates per second. 


Nyquist frequency The highest signal frequency that can be sampled at a specified sampling fre- 
quency; a frequency equal to or less than half the sampling frequency. 


Pipeline Part of the DSP architecture that allows multiple instructions to be processed simultaneously. 


Quantization The process whereby a binary code is assigned to each sampled value during analog- 
to-digital conversion. 


Sampling The process of taking a sufficient number of discrete values at points on a waveform that 
will define the shape of the waveform. 


SELF-TEST = Answers are at the end of the chapter. 


1. An ADC is an 


(a) alphanumeric data coder (b) analog-to-digital converter 

(c) analog device carrier (d) analog-to-digital comparator 
2. ADACisa 

(a) digital-to-analog computer (b) digital analysis calculator 

(c) data accumulation converter (d) digital-to-analog converter 


3. A digital signal processing system usually operates in 
(a) real time (b) imaginary time 
(c) compressed time (d) computer time 
4. Sampling of an analog signal produces 
(a) a series of impulses that are proportional to the amplitude of the signal 
(b) a series of impulses that are proportional to the frequency of the signal 
(c) digital codes that represent the analog signal amplitude 
(d) digital codes that represent the time of each sample 
5. According to the sampling theorem, the sampling frequency should be 
(a) less than half the highest signal frequency 
(b) greater than twice the highest signal frequency 
(c) less than half the lowest signal frequency 
(d) greater than the lowest signal frequency 
6. A hold action occurs 
(a) before each sample (b) during each sample 
(c) after the analog-to-digital conversion (d) immediately after a sample 
7. The quantization process 
(a) converts the sample-and-hold output to binary code 
(b) converts a sample impulse to a level 
(c) converts a sequence of binary codes to a reconstructed analog signal 


(d) filters out unwanted frequencies before sampling takes place 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Generally, an analog signal can be reconstructed more accurately with 
(a) more quantization levels 

(b) fewer quantization levels 

(c) a higher sampling frequency 

(d) a lower sampling frequency 


(e) either answer (a) or (Cc) 


. A flash ADC uses 


(a) counters (b) op-amps (c) an integrator (d) flip-flops 

(e) answers (a) and (c) 

A dual-slope ADC uses 

(a) a counter (b) op-amps (c) an integrator (d) a differentiator 
(e) answers (a) and (c) 

The output of a sigma-delta ADC is 

(a) parallel binary codes (b) multiple-bit data 

(c) single-bit data (d) a difference voltage 

The term Harvard architecture means 

(a) a CPU and a main memory 

(b) a CPU and two data memories 

(c) a CPU, a program memory, and a data memory 

(d) a CPU and two register files 

The minimum number of general-purpose registers in the TMS320C6000 series DSPs 1s 
(a) 32 (b) 64 (c) 16 (d) 8 

The two internal memories in the TMS320C6000 series each have a capacity of 
(a) | MB (b) 512 kB (c) 64 kB (d) 32 kB 


In the TMS320C6000 series pipeline operation, the number of instructions processed 
simultaneously is 


(a) eight (b) four (c) two (d) one 

The stage of the pipeline operation in which instructions are retrieved from the memory is called 
(a) execute (b) accumulate 

(c) decode (d) fetch 

In a binary-weighted DAC, the resistors on the inputs 
(a) determine the amplitude of the analog signal 

(b) determine the weights of the digital inputs 

(c) limit the power consumption 

(d) prevent loading on the source 

In an R/2R DAC, there are 

(a) four values of resistors 

(b) one resistor value 

(c) two resistor values 


(d) a number of resistor values equal to the number of inputs 


/PROBLEMS ts ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 13-1 _ Digital Signal Processing Basics 


1. Explain the purpose of analog-to-digital conversion. 
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2. Fill in the appropriate functional names for the digital signal processing system block diagram 
in Figure 13-45. 


& FIGURE 13-45 


3. Explain the purpose of digital-to-analog conversion. 


SECTION 13-2 Converting Analog Signals to Digital 


4. The waveform shown in Figure 13—46 is applied to a sampling circuit and is sampled every 
3 ms. Show the output of the sampling circuit. Assume a one-to-one voltage correspondence 
between the input and output. 
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A FIGURE 13-46 


5. The output of the sampling circuit in Problem 4 is applied to a hold circuit. Show the output of 
the hold circuit. 


6. If the output of the hold circuit in Problem 5 is quantized using two bits, what is the resulting 
sequence of binary codes? 


7. Repeat Problem 6 using 4-bit quantization. 
8. (a) Reconstruct the analog signal from the 2-bit quantization in Problem 6. 
(b) Reconstruct the analog signal from the 4-bit quantization in Problem 7. 
9. Graph the analog function represented by the following sequence of binary numbers: 


1111, 1110, 1101, 1100, 1010, 1001, 1000, 0111, 0110, 0101, 0100, 0101, 0110, 0111, 1000, 
1001, 1010, 1011, 1100, 1100, 1100, 1011, 1010, 1001. 


SECTION 13-3 Analog-to-Digital Conversion Methods 


10. The input voltage to a certain op-amp inverting amplifier is 10 mV, and the output is 2 V. What 
is the closed-loop voltage gain? 


11. To achieve a closed-loop voltage gain of 330 with an inverting amplifier, what value of 
feedback resistor do you use if R; = 1.0 kQ? 


780 


INTRODUCTION TO DIGITAL SIGNAL PROCESSING 


» FIGURE 13-47 


» FIGURE 13-48 


SECTION 13-4 


SECTION 13-5 








12. Determine the binary output code of a 3-bit flash ADC for the analog input signal in Figure 13-47. 
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13. Repeat Problem 12 for the analog waveform in Figure 13-48. 








V 
9 Rereaine — | ee — a a 
6 ela i | : ana ce ee 7 i + me “" 
Bioline Got oe | ae e ta. 8 ee lin oe Oe 
| | _ | | | 
i i 

3 ae eRe Se nt aaa eva wel Sere PIA AOA 

2 = a sae = > “4 EN Sco Gere eee “i 
1 TL ee TO See ne AN See mn a 2 — penn Fen “- 

t (us) 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 


14. For a certain 2-bit successive-approximation ADC, the maximum ladder output is +8 V. If 


a constant +6 V is applied to the analog input, determine the sequence of binary states for 
the SAR. 


15. Repeat Problem 14 for a 4-bit successive-approximation ADC. 


16. An ADC produces the following sequence of binary numbers when an analog signal is applied 
to its input: 0000, 0001, 0010, 0011, 0100, 0101, 0110, 0111, 0110, 0101, 0100, 0011, 0010, 
0001, 0000. 


(a) Reconstruct the input digitally. 


(b) If the ADC failed so that the code 0111 were missing, what would the reconstructed 
output look like? 


The Digital Signal Processor (DSP) 


17. A TMS320C62xx DSP has 32-bit instructions and is operating at 2000 MIPS. How many 
bytes per second is the DSP processing? 


18. If the clock rate of a TMS320C64xx DSP is 400 MHz, how many instructions can it provide to 
the CPU functional units in one second? 


19. How many floating-point operations can a DSP do in one second if it is specified at 
1000 MFLOPS? 


20. List and describe the four phases of the fetch operation in a TMS320C6000 series DSP. 
21. List and describe the two phases of the decode operation in a TMS320C6000 series DSP. 


Digital-to-Analog Conversion Methods 


22. In the 4-bit DAC in Figure 13-36, the lowest-weighted resistor has a value of 10 kQ. What 
should the values of the other input resistors be? 
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23. Determine the output of the DAC in Figure 13—49(a) if the sequence of 4-bit numbers in 
part (b) is applied to the inputs. The data inputs have a low value of 0 V and a high value of 





+5 V. 
» FIGURE 13-49 200 kO, 10kQ, D 
eae 2 ee 0 | 
| | 
| | | | | | | | 
| | 
Dy 4 | | | 
| | 
| | | | | | | | 
D | | | 
Output 2 _| J i | : | 
| | | | | | | | 
| | 
Dy | ] | | | 
(b) 
24. Repeat Problem 23 for the inputs in Figure 13-50. 
> FIGURE 13-50 D 
SR Se Eee 0 | 1 | 
| 1 | 


25. Determine the resolution expressed as a percentage, for each of the following DACs: 
(a) 3-bit (b) 10-bit (c) 18-bit 
26. Develop a circuit for generating an 8-bit binary test sequence for the test setup in Figure 13-41. 


27. A 4-bit DAC has failed in such a way that the MSB is stuck in the 0 state. Draw the analog 
output when a straight binary sequence is applied to the inputs. 


28. A straight binary sequence is applied to a 4-bit DAC, and the output in Figure 13-51 is 
observed. What is the problem? 


» FIGURE 13-51 Garou 
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SECTION 13-1 _ Digital Signal Processing Basics 
1. 


2. 
mF 
4. 
= 


DSP stands for digital signal processor. 

ADC stands for analog-to-digital converter. 

DAC stands for digital-to-analog converter. 

The ADC changes an analog signal to binary coded form. 
The DAC changes a binary coded signal to analog form. 


SECTION 13-2 Converting Analog Signals to Digital 


1. 


ft ee ye be 


Sampling is the process of converting an analog signal into a series of impulses, each 
representing the amplitude of the analog signal. 


A sampled value is held to allow time to convert the value to a binary code. 
The minimum sampling frequency is 40 kHz. 
Quantization is the process of converting a sampled level to a binary code. 


The number of bits determine quantization accuracy. 


SECTION 13-3 Analog-to-Digital Conversion Methods 


L: 


2. 
3. 
4. 


The simultaneous (flash) method is fastest. 
The sigma-delta method produces a single-bit data stream. 
Yes, successive approximation has a fixed conversion time. 


Missing code, incorrect code, and offset are types of ADC output errors. 


SECTION 13-4 The Digital Signal Processor (DSP) 


1. 


ae YS Bb 


6. 
ds 
8. 


Harvard architecture means that there is a CPU and two memories, one for data and one for 
programs. 


The DSP core is the CPU. 

DSPs can be fixed-point or floating-point. 

Internal memory types are data and program. 

(a) MIPS—million instructions per second 

(b) MFLOPS—amillion floating-point operations per second 

(c) MMACS—amillion multiply/accumulates per second 

Pipelining provides for the processing of multiple instructions simultaneously. 
The stages of pipeline operation are fetch, decode, and execute. 


During fetch, instructions are retrieved from the program memory. 


SECTION 13-5 _Digital-to-Analog Conversion Methods 


iL. 
2. (1/(2* — 1))100% = 6.67% 
3. 
4 


. Step amplitudes in a DAC are less than ideal with low gain. 


In a binary-weighted DAC, each resistor has a different value. 


A step reversal indicates nonmonotonic behavior in a DAC. 





13-2 See Figure 13-52. 
13-3 See Figure 13-53. 


13-4 (1/(216 — 1))100% = 0.00153% 
13-5 See Figure 13-54. 





& FIGURE 13-52 
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1. (6) 2. (d) a. (a) 4. (a) 5. (5) 6. (d) 
Te (@) 8. (ec) 9.(b) 10.) IL@® B2.© 
13. (a) 14. (c) 15.(a) 16.(d) 17. (6) 18. (c) 
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© Describe how basic TTL and CMOS gates operate at the 
component level 


© Recognize the difference between TTL totem-pole outputs and 
TTL open-collector outputs and understand the limitations and 


uses of each 
© Connect circuits in a wired-AND configuration 
"Describe the operation of tristate circuits 
"Properly terminate unused gate inputs 
~ Compare the performance of TTL and CMOS families 


~ Handle CMOS devices without risk of damage due to 
electrostatic discharge 


"State the advantages of ECL 
© Describe the PMOS and NMOS circuits 
© Describe an E°CMOS cell 


zis Current sinking 

CMOS Unit load 
Noise immunity Pull-up resistor 
Noise margin Tristate 
Power dissipation Totem pole 
Propagation delay time Open-collector 
Fan-out ECL 


E*CMOS 


Current sourcing 
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This chapter is intended to be used as a “floating” chapter. 
That is, all or portions of this chapter can be covered at any 
point throughout the book or completely omitted, 
depending on the course objectives. Section 3-8 should be 
covered before beginning this chapter. 

In Chapter 3 (Section 3-8) you learned about basic 
integrated circuit logic gates. This chapter provides an 
introduction to the circuit technology used to implement 
those gates, as well as other types of IC devices. 

Two major IC technologies, CMOS and TTL, are covered 
and their operating parameters are defined. Also, the 
operational characteristics of various families within these 
circuit technologies are compared. Other circuit 
technologies are also introduced. It is important to keep in 
mind that the particular circuit technology used to 
implement a logic gate has no effect on the logic operation 
of the gate. In terms of its truth table operation, a certain 
type of gate that is implemented with CMOS is the same as 
that type of gate implemented with TTL. The only 
differences in the gates are the electrical characteristics such 
as power dissipation, switching speed, and noise immunity. 






VISIT THE COMPANION WEBSITE 
Study aids for this chapter are available at 


http://www.prenhall.com/floyd 
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INTEGRATED CIRCUIT TECHNOLOGIES 


ace BASIC OPERATIONAL CHARACTERISTICS AND PARAMETERS 


When you work with digital ICs, you should be familiar not only with their logical 
operation but also with such operational properties as voltage levels, noise immunity, 
power dissipation, fan-out, and propagation delay time. In this section, the practical 
aspects of these properties are discussed. 


After completing this section, you should be able to 


= Determine the power and ground connections ® Describe the logic levels for CMOS 
and TTL ® Discuss noise immunity ™ Determine the power dissipation of a logic 
circuit ™ Define the propagation delay time of a logic gate ™ Discuss speed-power 
product and explain its significance ™ Discuss loading and fan-out of TTL and CMOS 


DC Supply Voltage 


The nominal value of the dc supply voltage for TTL (transistor-transistor logic) devices is 
+5 V. TTL is also designated T°7L. CMOS (complementary metal-oxide semiconductor) 
devices are available in different supply voltage categories: +5 V, +3.3 V, 2.5 V, and 1.2 V. 
Although omitted from logic diagrams for simplicity, the dc supply voltage is connected to 
the Vac pin of an IC package, and ground is connected to the GND pin. Both voltage and 
ground are distributed internally to all elements within the package, as illustrated in Figure 
14—1 for a 14-pin package. 


» FIGURE 14-1 


Example of Vcc and ground 

connection and distribution in an IC 

package. Other pin connections are +5 V 
omitted for simplicity. 





(a) Single gate (b) IC dual in-line package 


CMOS Logic Levels 


Logic levels were discussed briefly in Chapter |. There are four different logic-level spec- 
ifications: Viz, Viy, Vor, and Voy. For CMOS circuits, the ranges of input voltages (V;, ) 
that can represent a valid LOW (logic 0) are from 0 V to 1.5 V for the +5 V logic and 0 V 
to 0.8 V for the 3.3 V logic. The ranges of input voltages (V,,;) that can represent a valid 
HIGH (logic 1) are from 3.5 V to 5 V for the 5 V logic and 2 V to 3.3 V for the 3.3 V logic, as 
indicated in Figure 14—2. The ranges of values from 1.5 V to 3.5 V for 5 V logic and 0.8 V to 
2 V for 3.3 V logic are regions of unpredictable performance, and values in these ranges are 
unallowed. When an input voltage is in one of these ranges, it can be interpreted as either a 
HIGH or a LOW by the logic circuit. Therefore, CMOS gates cannot be operated reliably 
when the input voltages are in these unallowed ranges. 

The ranges of CMOS output voltages (Vo, and Vo) for both 5 V and 3.3 V logic are also 
shown in Figure 14—2. Notice that the minimum HIGH output voltage, Vorimin), IS greater 
than the minimum HIGH input voltage, Virmin)- Also, notice that the maximum LOW out- 
put voltage, Voy max), is less than the maximum LOW input voltage, Vy (max): 
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« FIGURE 14-2 


Input 
SV Vou { SV Input and output logic levels for 
4.4V Voutmin) CMOS. 
Vin 
a5 Vinanin) 
LN Vit cmax) 
Viv 





OV 
(a) +5 V CMOS 


Input Output 








3.3 V a5 ¥ 
V Logic I Vouanin) 
on _ GIGH) 
‘i 2.4V | 
2v Virani) 
0.8 V Ving max) 
Vir. 0.4 V | 


Vo. Votcmax) 





OV OV 


(b) +3.3 V CMOS 


TTL Logic Levels 


The input and output logic levels for TTL are given in Figure 14—3. Just as for CMOS, there 
are four different logic level specifications: Vy_, Vig, Vor, and Vou. 


“@ FIGURE 14-3 


Input Output ee CRW 
Yoummax) Input and output logic levels for TTL. 


Viritmax) 5Vr 





Logie | 






Von 
Vin (HIGH) 
24V VoHanin) 
2V Vircnin) 
0.8 V Ving max) 
Vi L Logic 0 (LOW) < : 
7 |, Vin. { 0.4V | Voi tmax) 
IL(min) OV Vou min) 
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7 
Vin 


vA , 
\ IH(min) 





Noise Immunity 


Noise is unwanted voltage that is induced in electrical circuits and can present a threat to 
the proper operation of the circuit. Wires and other conductors within a system can pick up 
stray high-frequency electromagnetic radiation from adjacent conductors in which currents 
are changing rapidly or from many other sources external to the system. Also, power-line 
voltage fluctuation is a form of low-frequency noise. 

In order not to be adversely affected by noise, a logic circuit must have a certain amount 
of noise immunity. This is the ability to tolerate a certain amount of unwanted voltage fluc- 
tuation on its inputs without changing its output state. For example, if noise voltage causes 
the input of a5 V CMOS gate to drop below 3.5 V in the HIGH state, the input is in the un- 
allowed region and operation is unpredictable (see Figure 14—2). Thus, the gate may inter- 
pret the fluctuation below 3.5 V as a LOW level, as illustrated in Figure 14—4(a). Similarly, 
if noise causes a gate input to go above 1.5 V in the LOW state, an uncertain condition is 
created, as illustrated in part (b). 


Noise riding on Vj level 


Vou 


/ 


Unallowed “= Potential response 
region to excessive noise 
If excessive noise causes input to go below spike on input 
Vin (min): the gate may “think” that there is a 
LOW on its input and respond accordingly. 
(a) 
If excessive noise causes input to go above 
Vitcmax)> the gate may “think” that there is a 
HIGH on its input and respond accordingly. 
Potential response 
Unallowed to excessive noise 
region spike on input 


V 
[Lonax) -=-eo-=< 


Vin 






\ 





ot = 


Noise riding on Vj, level 


(b) 


Equation 14-1 


Equation 14-2 


& FIGURE 14-4 


Illustration of the effects of input noise on gate operation. 


Noise Margin 


A measure of a circuit’s noise immunity is called the noise margin, which is expressed in 
volts. There are two values of noise margin specified for a given logic circuit: the HIGH- 


level noise margin (Vy;,) and the LOW-level noise margin (Vx, ). These parameters are de- 
fined by the following equations: 


Vuw = Voucmin) Viemin) 


VL = Vin venax) a Votmax) 
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Sometimes you will see the noise margin expressed as a percentage of Voc. From the equa- 
tions, Vyy is the difference between the lowest possible HIGH output from a driving gate 
(Voriminy) and the lowest possible HIGH input that the load gate can tolerate (Vizminy). Noise 
margin, Vy;, is the difference between the maximum possible LOW input that a gate can 
tolerate (Vip (naxy) and the maximum possible LOW output of the driving gate (Vo) (nax))- 
Noise margins are illustrated in Figure 14—5. 











Fe : 7 
V oo : : Vin max) 
4. |} Vin Vou. { 1.5 V 
| Vin tain) V OL(max) | 
: 35V 0.33 V | 
HIGH : LOW | 
HIGH | | 
| | 
| | 
The voltage on this line will never The voltage on this line will never 
be less than 4.4 V unless noise or exceed 0.33 V unless noise or 
improper operation is introduced. improper operation is introduced. 
(a) HIGH-level noise margin (b) LOW-level noise margin 


“& FIGURE 14-5 
Illustration of noise margins. Values are for 5 V CMOS, but the principle applies to any logic family. 


[exampce 14-1 | 
Determine the HIGH-level and LOW-level noise margins for CMOS and for TTL by 


using the information in Figures 14—2 and 14-3. 


Virgin) = oa '9 
Vir tna’ =15V 
VoH(min) he NE 


| Solution For5 V CMOS, 
Voor. (nan) = 0.33 V 


Por TTL, 
Virttanin) =a 
Vin Gnas) = 0.8 V 
V eri(eain) =n 0 
VoL (max) = 04V 


Vou = Voupony —~ Vartan = 25 VY = 2V = 14a ¥ 
VL = Vircmax) ae Vou emax) = 0.8 V —04V = 0.4V 
A TTL gate is immune to up to 0.4 V of noise for both the HIGH and LOW input 


States. 


Related Problem” Based on the preceding noise margin calculations, which family of devices, 5 V 
CMOS or TTL, should be used in a high-noise environment? 


“Answers are at the end of the chapter. 





Vuu = VoH(min) a Vi(min) =F V = 3 ¥ =o ¥ 
Vu — Vit (max) aa Vetted a lid V a 0.33 V = 1.17 V 
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Equation 14-3 


Equation 14-4 


| EXAMPLE 14-2 


Solution 


Related Problem 


Power Dissipation 


A logic gate draws current from the dc supply voltage source, as indicated in Figure 14-6. 
When the gate is in the HIGH output state, an amount of current designated by /c¢cy is 
drawn; and in the LOW output state, a different amount of current, /¢c¢,, 1s drawn. 


> FIGURE 14-6 ion +Voc 
Currents from the dc supply. 


Conventional current direction is HIGH 


HIGH 


LOW 


shown. Electron flow notation is LOW 


opposite. 





(a) (b) 


As an example, if Jccy is specified as 1.5 mA when V¢c is 5 V and if the gate is in a static 
(nonchanging) HIGH output state, the power dissipation (Pp) of the gate is 


Py = Voclecy = (5 V)(1.5 mA) = 7.5 mW 


When a gate is pulsed, its output switches back and forth between HIGH and LOW, and 
the amount of supply current varies between Jccy and J¢c,. The average power dissipation 
depends on the duty cycle and is usually specified for a duty cycle of 50%. When the duty 
cycle is 50%, the output is HIGH half the time and LOW the other half. The average sup- 
ply current is therefore 


— loca + Icer 
ice = 7 


The average power dissipation is 


Pp = Veclec 


A certain gate draws 2 wA when its output is HIGH and 3.6 vA when its output is 
LOW. What is its average power dissipation if Vcc is 5 V and the gate is operated on a 
50% duty cycle? 


The average [cc is 


Le tee DOA 6 aA 
ioe i a oe ae 


The average power dissipation is 


Pp =—s Veclee = (5 V)/(2.8 pA) = 14 uW 


A certain IC gate has an Jcegy = 1.5 wA and I¢cg, = 2.8 wA. Determine the average 
power dissipation for 50% duty cycle operation if Voc is 5 V. 





Power dissipation in a TTL circuit is essentially constant over its ran ge of operating fre- 
quencies. Power dissipation in CMOS, however, is frequency dependent. It is extremely 
low under static (dc) conditions and increases as the frequency increases. These charac- 
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teristics are shown in the general curves of Figure 14—7. For example, the power dissipa- 
tion of a low-power Schottky (LS) TTL gate is a constant 2.2 mW. The power dissipation 
of an HCMOS gate is 2.75 uW under static conditions and 170 uW at 100 kHz. 


<@ FIGURE 14-7 


Power-versus-frequency curves for 
TTL and CMOS. 


Power 





Propagation Delay Time 


When a signal passes (propagates) through a logic circuit, it always experiences a time 
delay, as illustrated in Figure 14—8. A change in the output level always occurs a short 
time, called the propagation delay time, later than the change in the input level that 


caused it. 


Input Output « FIGURE 14-8 


|—Detay—| A basic illustration of propagation 
t delay time. 


| 
HIGH = a 


As mentioned in Chapter 3, there are two propagation delay times specified for 


logic gates: 


" toy: The time between a designated point on the input pulse and the corresponding 
point on the output pulse when the output is changing from HIGH to LOW. 


" tppy? The time between a designated point on the input pulse and the corresponding 
point on the output pulse when the output is changing from LOW to HIGH. 


These propagation delay times are illustrated in Figure 14-9, with the 50% points on the 
pulse edges used as references. 


H < FIGURE 14-9 
| )— 3 5 ses a “Si. eg eels 
Input Propagation delay times. 
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+5V 






(a) Charging 


The propagation delay time of a gate limits the frequency at which it can be operated. 
The greater the propagation delay time, the lower the maximum frequency. Thus, a higher- 
speed circuit is one that has a smaller propagation delay time. For example, a gate with a 
delay of 3 ns is faster than one with a 10 ns delay. 


Speed-Power Product 


The speed-power product provides a basis for the comparison of logic circuits when both 
propagation delay time and power dissipation are important considerations in the selec- 
tion of the type of logic to be used in a certain application. The lower the speed-power 
product, the better. The unit of speed-power product is the picojoule (pJ). For example, 
HCMOS has a speed-power product of 1.2 pJ at 100 kHz while LS TTL has a value of 
22 pJ. 


Loading and Fan-Out 


When the output of a logic gate is connected to one or more inputs of other gates, a load on 
the driving gate is created, as shown in Figure 14—10. There is a limit to the number of load 
gate inputs that a given gate can drive. This limit is called the fan-out of the gate. 


» FIGURE 14-10 Driving gate Load gates 


Loading a gate output with gate 
inputs. 


CMOS Loading Loading in CMOS differs from that in TTL because the type of tran- 
sistors used in CMOS logic present a predominantly capacitive load to the driving gate, 
as illustrated in Figure 14—11. In this case, the limitations are the charging and discharg- 
ing times associated with the output resistance of the driving gate and the input capaci- 
tance of the load gates. When the output of the driving gate is HIGH, the input 
capacitance of the load gate is charging through the output resistance of the driving gate. 
When the output of the driving gate is LOW, the capacitance is discharging, as indicated 
in Figure 14-11. 


LOW 








I CHARGE 


I pIScH 






(b) Discharging 


4 FIGURE 14-11 


Capacitive loading of a CMOS gate. 


| When more load gate inputs are added to the driving gate output, the total capacitance 
increases because the input capacitances effectively appear in parallel. This increase in 
capacitance increases the charging and discharging times, thus reducing the maximum 
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frequency at which the gate can be operated. Therefore, the fan-out of a CMOS gate de- 
pends on the frequency of operation. The fewer the load gate inputs, the greater the max- 
imum frequency. 


TTL Loading A TTL driving gate sources current to a load gate input in the HIGH state 
(m4) and sinks current from the load gate in the LOW state (J). Current sourcing and 
current sinking are illustrated in simplified form in Figure 14—12, where the resistors rep- 
resent the internal input and output resistance of the gate for the two conditions. 


+5 V 


HIGH 


+5V 








HIGH LOW 






Driver 


(a) Current sourcing (b) Current sinking 


A FIGURE 14-12 


Basic illustration of current sourcing and current sinking in logic gates. 


As more load gates are connected to the driving gate, the loading on the driving gate in- 
creases. The total source current increases with each load gate input that is added, as illus- 
trated in Figure 14—13. As this current increases, the internal voltage drop of the driving 
gate increases, causing the output, Voy, to decrease. If an excessive number of load gate in- 
puts are connected, Voy drops below Voxaniny, and the HIGH-level noise margin is reduced, 
thus compromising the circuit operation. Also, as the total source current increases, the 
power dissipation of the driving gate increases. 


+5V 


Total 
source / 


lin) 





The fan-out is the maximum number of load gate inputs that can be connected without 
adversely affecting the specified operational characteristics of the gate. For example, low- 
power Schottky (LS) TTL has a fan-out of 20 unit loads. One input of the same logic fam- 
ily as the driving gate is called a unit load. 

The total sink current also increases with each load gate input that is added, as shown in 
Figure 14—14. As this current increases, the internal voltage drop of the driving gate in- 
creases, causing Vo, to increase. If an excessive number of loads are added, Vo, exceeds 
Votmax)» and the LOW-level noise margin is reduced. 

In TTL, the current-sinking capability (LOW output state) is the limiting factor in de- 
termining the fan-out. 


@ FIGURE 14-13 
HIGH-state TTL loading. 
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im FIGURE 14-14 
LOW-stage TTL loading. 


[section 14-1 
_ TREVIEW 


Answers are at the end of the 


chapter. 





| +5V 


————— 


Tin) 


1. Define Vin, Viz Vou, and Voy. 

2. Is it better to have a lower value of noise margin or a higher value? 

3. Gate A has a greater propagation delay time than gate B. Which gate can operate 
at a higher frequency? 

4. How does excessive loading affect the noise margin of a gate? 


CMOS CIRCUITS 








Basic internal CMOS circuitry and its operation are discussed in this section. The 
abbreviation CMOS stands for complementary metal-oxide semiconductor. The term 
complementary refers to the use of two types of transistors in the output circuit. An 
n-channel MOSFET (MOS field-effect transistor) and a p-channel MOSFET are used. 


After completing this section, you should be able to 


= Identify a MOSFET by its symbol ® Discuss the switching action of a MOSFET 

= Describe the basic operation of a CMOS inverter circuit ™ Describe the basic 
operation of CMOS NAND and NOR gates ® Explain the operation of a CMOS gate 
with an open-drain output ® Discuss the operation of tristate CMOS gates ® List the 
precautions required when handling CMOS devices 


The MOSFET 


Metal-oxide semiconductor field-effect transistors (MOSFETs) are the active switching 
elements in CMOS circuits. These devices differ greatly in construction and internal oper- 
ation from bipolar junction transistors used in TTL circuits, but the switching action is ba- 
sically the same: they function ideally as open or closed switches, depending on the input. 

Figure 14—15(a) shows the symbols for both n-channel and p-channel MOSFETs. As in- 
dicated, the three terminals of a MOSFET are gate, drain, and source. When the gate volt- 
age of an n-channel MOSFET is more positive than the source, the MOSFET is on 
(saturation), and there is, ideally, a closed switch between the drain and the source. When 
the gate-to-source voltage is zero, the MOSFET is off (cutoff), and there is, ideally, an open 


+5 V +5 V 
Drain (D) Drain 
Gate Gate +5 V 
(G) G 
S 
Source (S) Source im whi 
n-channel p-channel ~ ON | 
(a) MOSFET symbols (b) n-channel switch 
+5 V +5 V +5 V +5 V 
7 3 ; 
| | OFF = 
+5 V 
Lae G 
D D 
= Ox = = Te, = 


(c) p-channel switch 


A FIGURE 14-15 
Basic symbols and switching action of MOSFETs. 


switch between the drain and the source. This operation is illustrated in Figure 14—15(b) 
The p-channel MOSFET operates with opposite voltage polarities, as shown in part (c). 
Sometimes a simplified MOSFET symbol as shown in Figure 14—16 is used. 


“« FIGURE 14-16 
Simplified MOSFET symbol. 


— 


CMOS Inverter 
Complementary MOS (CMOS) logic uses the MOSFET in complementary pairs as its basic 


element. A complementary pair uses both p-channel and n-channel enhancement MOSFETs, 


as shown in the inverter circuit in Figure 14—17. 
+¥n << FIGURE 14-17 
A CMOS inverter circuit. 


. Source (S) 
Gate (G) ve 


Q; 






Drain (D) 
Output 


Input 





Drain (D) 
Q> 


Gate (G) Source (S) 
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When a HIGH is applied to the input, as shown in Figure 14—18(a), the p-channel 
MOSFET (Q, is off and the n-channel MOSFET Q, is on. This condition connects the out- 
put to ground through the on resistance of Q>, resulting in a LOW output. When a LOW 
is applied to the input, as shown in Figure 14—18(b), Q; is on and Q, is off. This condi- 
tion connects the output to + Vpp (de supply voltage) through the on resistance of Q,, re- 
sulting in a HIGH output. 


> FIGURE 14-18 Von ee 
Operation of a CMOS inverter. 


Q Q; 
OFF ON 
HIGH LOW LOW Ke HIGH 
Q> Q> 
ON OFF 
(a) HIGH input, LOW output (b) LOW input, HIGH output 


~CMOS NAND Gate 


Figure 14-19 shows a CMOS NAND gate with two inputs. Notice the arrangement of the 
complementary pairs (n-channel and p-channel MOSFETs). 


>» FIGURE 14-19 +Vop 


A CMOS NAND gate circuit. 
Q; Q> 


QO; 
Input A 1 
O4 
Input B cone mene eenenmnte 
C = cutoff (off) 
S = saturation (on) 


H = HIGH 
L=LOW 


Output 





The operation of aCMOS NAND gate is as follows: 


» When both inputs are LOW, Q, and Q, are on, and Q; and Q, are off. The output is 
pulled HIGH through the on resistance of Q, and Q, in parallel. 
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» When input A is LOW and input B is HIGH, Q, and Q, are on, and Q, and Q; are 
off. The output is pulled HIGH through the low on resistance of Q). 


« When input A is HIGH and input B is LOW, Q, and Q, are off, and Q, and Q; are 
on. The output is pulled HIGH through the low on resistance of Q). 


« Finally, when both inputs are HIGH, Q, and Q, are off, and Q; and Q, are on. In this 
case, the output is pulled LOW through the on resistance of Q; and Q, in series to 


ground. 


CMOS NOR Gate 


Figure 14-20 shows a CMOS NOR gate with two inputs. Notice the arrangement of the 
complementary pairs. 


“@ FIGURE 14-20 
A CMOS NOR gate circuit. 
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The operation of aCMOS NOR gate is as follows: 


» When both inputs are LOW, Q, and Q, are on, and Q; and Q, are off. As a result, the 
output is pulled HIGH through the on resistance of Q, and Q, in series. 


= When input A is LOW and input B is HIGH, Q, and Q, are on, and Q, and Q; are 
off. The output is pulled LOW through the low on resistance of Q, to ground. 


» When input A is HIGH and input B is LOW, Q, and Q, are off, and Q, and Q; are 
on. The output is pulled LOW through the on resistance of Q; to ground. 


» When both inputs are HIGH, Q, and Q, are off, and Q; and Q, are on. The output is 
pulled LOW through the on resistance of Q; and Q, in parallel to ground. 


~Open-Drain Gates 


The term open-drain means that the drain terminal of the output transistor is unconnected 
and must be connected externally to Vpp through a load. An open-drain gate is the CMOS 
counterpart of an open-collector TTL gate (discussed in Section 14-3). An open-drain out- 
put circuit is a single n-channel MOSFET as shown in Figure 14—21(a). An external pull- 
up resistor must be used, as shown in part (b), to produce a HIGH output state. Also, 
open-drain outputs can be connected in a wired-AND configuration, a concept that is dis- 
cussed in the next section in relation to TTL. 
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» FIGURE 14-21 
Open-drain CMOS gates. 
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(b) With pull-up resistor 


Tristate CMOS Gates 


Tristate outputs are available in both CMOS and TTL logic. The tristate output combines 
the advantages of the totem-pole and open-collector circuits. As you recall, the three out- 
put states are HIGH, LOW, and high-impedance (high-Z). When selected for normal logic- 
level operation, as determined by the state of the enable input, a tristate circuit operates in 
the same way as a regular gate. When a tristate circuit is selected for high-Z operation, the 
output is effectively disconnected from the rest of the circuit by the internal circuitry. Figure 


14—22 illustrates the operation of a tristate circuit. The inverted triangle (VY) designates a 
tristate output. 


®» FIGURE 14-22 don't care 


The three states of a tristate circuit. Z 
HIGH LOW LOW HIGH xX 





LOW LOW HIGH 
(enable) (enable) (disable) 


(a) Enabled for normal logic operation (b) High-Z state 


The circuitry in a tristate CMOS gate, as shown in Figure 14—23, allows each of the out- 


put transistors Q, and Q, to be turned off at the same time, thus disconnecting the output 
from the rest of the circuit. 


» FIGURE 14-23 


ee +V 
A tristate CMOS inverter. 
Enable 
Q; 


Input 





T 


Output 


He 


When the enable input is LOW, the device is enabled for normal logic operation. When 
the enable input is HIGH, both Q, and Q, are off and the circuit is in the high-Z state. 


Precautions for Handling CMOS 


As you have learned, all CMOS devices are subject to damage from electrostatic discharge 
(ESD). Therefore, they must be handled with special care. Review the following precautions: 
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1. All CMOS devices are shipped in conductive foam to prevent electrostatic 
charge buildup. When they are removed from the foam, the pins should not be 
touched. 


2. The devices should be placed with pins down on a grounded surface, such as a 
metal plate, when removed from protective material. Do not place CMOS devices 
in polystyrene foam or plastic trays. 


3. All tools, test equipment, and metal workbenches should be earth-grounded. A 
person working with CMOS devices should, in certain environments, have his or 
her wrist grounded with a length of cable and a large-value series resistor. The 
resistor prevents severe shock should the person come in contact with a voltage 
source. 


4. Do not insert CMOS devices (or any other ICs) into sockets or PC boards with the 
power on. 


5. All unused inputs should be connected to the supply voltage or ground as 
indicated in Figure 14—24. If left open, an input can acquire electrostatic charge 
and “float” to unpredicted levels. 


ay < FIGURE 14-24 
Handling unused CMOS inputs. 


Unused input 





Unused input 


6. After assembly on PC boards, protection should be provided by storing or 
shipping boards with their connectors in conductive foam. The CMOS input and 
output pins may also be protected with large-value resistors connected to ground. 


| [secrion 14-2 ee | | 
REVIEW 1. What type of transistor is used in CMOS logic? | 


2. What is meant by the term complementary MOS? | 
3. Why must CMOS devices be handled with care? | 
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The internal circuit operation of TTL logic gates with totem-pole outputs is covered in 
this section. Also, the operation of TTL gates with open-collector outputs and the 
operation of tristate gates are covered. 


After completing this section, you should be able to 


= Identify a bipolar junction transistor (BJT) by its symbol ® Describe the switching 
action of a BJT = Describe the basic operation of a TTL inverter circuit ™ Describe the 
basic operation of TTL, AND, NAND, OR, and NOR gate circuits ™ Explain what a 
totem-pole output is ™ Explain the operation and use a TTL gate with an open-collector 
output ™ Explain the operation of a gate with a tristate output 
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» FIGURE 14-26 


The ideal switching action of the BJT. 


Conventional current direction is 
shown. Electron flow notation is 


opposite. 
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The Bipolar Junction Transistor 


The bipolar junction transistor (BJT) is the active switching element used in all TTL cir- 
cuits. Figure 14-25 shows the symbol for an npn BJT with its three terminals; base, emit- 
ter, and collector. A BJT has two junctions, the base-emitter junction and the 
base-collector junction. 


» FIGURE 14-25 
The symbol for a BJT. 


Collector (C ) 


Base (B) 


Emitter (E) 


The basic switching operation is as follows: When the base is approximately 0.7 V more 
positive than the emitter and when sufficient current is provided into the base, the 
transistor turns on and goes into saturation. In saturation, the transistor ideally acts like a 
closed switch between the collector and the emitter, as illustrated in Figure 14—26(a). When 
the base is less than 0.7 V more positive than the emitter, the transistor turns off and be- 
comes an open switch between the collector and the emitter, as shown in part (b). To sum- 
marize in general terms, a HIGH on the base turns the transistor on and makes it a closed 
switch. A LOW on the base turns the transistor off and makes it an open switch. In TTL, 
some BJTs have multiple emitters. 


] : 
WwW 1 ON SS OV OFF = 
lz 


(b) OFF transistor and 
ideal switch equivalent 


(a) Saturated (ON) transistor 
and ideal switch equivalent 


TTL Inverter 


The logic function of an inverter or any type of gate is always the same, regardless of the 
type of circuit technology that is used. Figure 14—27 shows a standard TTL circuit for an 
inverter. In this figure Q, is the input coupling transistor, and D, is the input clamp diode. 
Transistor Q, is called a phase splitter, and the combination of Q; and Q, forms the output 
circuit often referred to as a totem-pole arrangement. 

When the input is a HIGH, the base-emitter junction of Q, is reverse biased, and the 
base-collector junction is forward biased. This condition permits current through R, and 
the base-collector junction of Q, into the base of Q,, thus driving Q, into saturation. As a 
result, Q; is turned on by Q,, and its collector voltage, which is the output, is near ground 
potential. We therefore have a LOW output for a HIGH input. At the same time, the col- 
lector of Q, is at a sufficiently low voltage level to keep Q, off. 

When the input is LOW, the base-emitter junction of Q, is forward biased, and the base- 
collector junction is reverse biased. There is current through R, and the base-emitter junc- 


« FIGURE 14-27 
A standard TTL inverter circuit. 


Input Output 





tion of Q, to the LOW input. A LOW provides a path to ground for the current. There is no 
current into the base of Q,, so it is off. The collector of Q, is HIGH, thus turning Q, on. A 
saturated Q, provides a low-resistance path from Vcc to the output; we therefore have a 
HIGH on the output for a LOW on the input. At the same time, the emitter of Q, is at ground 
potential, keeping Q, off. 

Diode D, in the TTL circuit prevents negative spikes of voltage on the input from dam- 
aging Q,. Diode D, ensures that Q, will turn off when Q, is on (HIGH input). In this con- 
dition, the collector voltage of Q, is equal to the base-to-emitter voltage, Vgz, of Q3 plus 
the collector-to-emitter voltage, Voz, of Q,. Diode D, provides an additional Vg equiva- 
lent drop in series with the base-emitter junction of Q, to ensure its turn-off when Q, is on. 

The operation of the TTL inverter for the two input states is illustrated in Figure 
14—28. In the circuit in part (a), the base of Q, is 2.1 V above ground, so Q, and Q, are 
on. In the circuit in part (b), the base of Q, is about 0.7 V above ground—not enough to 
turn Q, and Q; on. 









Ry 


Reverse —” 


bias 


HIGH 


(a) (b) 
A FIGURE 14-28 
Operation of a TTL inverter. 


TTL NAND Gate 


A 2-input TTL NAND gate is shown in Figure 14—29. Basically, it is the same as the inverter 
circuit except for the additional input emitter of Q,. In TTL technology multiple-emitter 
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» FIGURE 14-29 
A TIL NAND gate circuit. 


Input A 
Input B 


Output 





transistors are used for the input devices. These multiple-emitter transistors can be com- 
pared to the diode arrangement, as shown in Figure 14—30. 


El 8 





E2 


A FIGURE 14-30 


Diode equivalent of a TTL multiple-emitter transistor. 


Perhaps you can understand the operation of this circuit better by visualizing Q, 1n 
Figure 14—29 replaced by the diode arrangement in Figure 14—30. A LOW on either in- 
put A or input B forward-biases the respective diode and reverse-biases D (Q, base- 
collector junction). This action keeps Q, off and results in a HIGH output in the same 
way as described for the TTL inverter. Of course, a LOW on both inputs will do the same 
thing. 

A HIGH on both inputs reverse-biases both input diodes and forward-biases D; (Q, base- 
collector junction). This action turns Q, on and results in a LOW output in the same way as 
described for the TTL inverter. You should recognize this operation as that of the NAND 
function: The output is LOW only if all inputs are HIGH. 


Open-Collector Gates 


The TTL gates described in the previous sections all had the totem-pole output circuit. An- 
other type of output available in TTL integrated circuits is the open-collector output. This 
is comparable to the open-drain output of CMOS. A standard TTL inverter with an open- 
collector is shown in Figure 14—31(a). The other types of gates are also available with open- 
collector outputs. 

Notice that the output is the collector of transistor Q, with nothing connected to it, 
hence the name open collector. In order to get the proper HIGH and LOW logic levels out 
of the circuit, an external pull-up resistor must be connected to Vcc from the collector of 
Q;, as shown in Figure 14—31(b). When Q, is off, the output is pulled up to Voc through 
the external resistor. When Q; is on, the output is connected to near-ground through the 
saturated transistor. 


Input 





(a) Open-collector inverter circuit 


A FIGURE 14-31 


TTL inverter with open-collector output. 


Output 
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(b) With external pull-up resistor 


“@ FIGURE 14-32 
d Open-collector symbol in an 


inverter. 


The ANSIJ/IEEE standard symbol that designates an open-collector output is shown in 
Figure 14—32 for an inverter and is the same for an open-drain output. 


Tristate TTL Gates 


Figure 14—33 shows the basic circuit for a TTL tristate inverter. When the enable input is 
LOW, Q, is off, and the output circuit operates as a normal totem-pole configuration, in 
which the output state depends on the input state. When the enable input is HIGH, Q,j is on. 
There is thus a LOW on the second emitter of Q;, causing Q; and Q; to turn off, and diode 
D, is forward biased, causing Q, also to turn off. When both totem-pole transistors are off, 
they are effectively open, and the output is completely disconnected from the internal cir- 


cuitry, as illustrated in Figure 14—34. 


Output 


Enable 





A FIGURE 14-33 





Basic tristate inverter circuit. 


+Voc 


Ry 

QO, 
High-Z output 
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An equivalent circuit for the tristate output in the high-Z state. 


A FIGURE 14-34 
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“Schottky TTL 


The basic or standard TTL NAND gate circuit was discussed earlier. It is a current-sinking 
type of logic that draws current from the load when in the LOW output state and sources 
negligible current to the load when in the HIGH output state. Most TTL logic used today 
is some form of Schottky TTL, which provides a faster switching time by incorporating 
Schottky diodes to prevent the transistors from going into saturation, thereby decreasing 
the time for a transistor to turn on or off. Figure 14-35 shows a Schottky gate circuit. No- 
tice the symbols for the Schottky transistor and Schottky diodes. Schottky devices are des- 
ignated by an S in their part number, such as 74S00. Other types of Schottky TTL are 
low-power Schottky designated by LS, advanced Schottky designated by AS, advanced 
low-power Schottky designated by ALS, and fast designated by F. 


Input A 


Input B Output 





& FIGURE 14-35 
Schottky TTL NAND gate. 


[SECTION 14-3 | 
| | REVIEW 1. An npn BJT is on when the base is more negative than the emitter. (T or F) | 


| 2. In terms of switching action, what do the on and off states of a BJT represent? 
3. What are the two major types of output circuits in TTL? 


| 4. Explain how tristate logic differs from normal, two-state logic. | 


PRACTICAL CONSIDERATIONS IN THE USE OF TTL 





Although CMOS is the more predominant IC technology in industry and commercial 
applications, TTL is still used. In educational applications, TTL is usually preferred 
because it does not have the handling restrictions that CMOS does due to ESD. 
Because of this, several practical considerations in the use and application of TTL 
circuits will be covered using standard TTL for illustration. 
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After completing this section, you should be able to 


= Describe current sinking and current sourcing ™ Use an open-collector circuit for 
wired-AND operation ® Describe the effects of connecting two or more totem-pole 
outputs ™ Use open-collector gates to drive LEDs and lamps ® Explain what to do 
with unused TTL inputs 


Current Sinking and Current Sourcing 


The concepts of current sinking and current sourcing were introduced in Section 14—1. Now 
that you are familiar with the totem-pole-output circuit configuration used in TTL, let’s 
look closer at the sinking and sourcing action. 

Figure 14—36 shows a standard TTL inverter with a totem-pole output connected to the 
input of another TTL inverter. When the driving gate is in the HIGH output state, the driver 
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nput 
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& FIGURE 14-36 





Current sinking and sourcing action in TTL. 
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is sourcing current to the load, as shown in Figure 14—36(a). The input to the load gate is 
like a reverse-biased diode, so there is practically no current required by the load. Actually, 
since the input is nonideal, there is a maximum of 40 vA from the totem-pole output of the 
driver into the load gate input. 

When the driving gate is in the LOW output state, the driver is sinking current from the 
load, as shown in Figure 14—36(b). This current is 1.6 mA maximum for standard TTL and 
is indicated on a data sheet with a negative value because it is out of the input. 


EXAMPLE 14-3 
When a TTL NAND gate drives five TTL inputs, how much current does the driver 
output source, and how much does it sink? (Refer to Figure 14—36.) 


Solution Total source current (in HIGH output state): 


Ti(max) = 40 wA per input 
Tr(source) = (5 inputs)(40 wA/input) = 5(40 wA) = 200 pA 


Total sink current (in LOW output state): 
It(max) = —1.6 mA per input 
Iy(sink) = (5 inputs)(—1.6 mA/input) = 5(-1.6mA) = —8.0mA 


Related Problem Repeat the calculations for an LS TTL NAND gate. Refer to a data sheet on the Texas 
Instruments CD-ROM. 





EXAMPLE 14-4 
Refer to the data sheet on the Texas Instruments CD-ROM, and determine the fan-out 
of the 7400 NAND gate. 


Solution According to the data sheet, the current parameters are as follows: 
ITH (max) = 40 LA LOH (max) = —400 LA 
Livifmaxs = — 1.6 mA, Lot(s) = 16 mA 


Fan-out for the HIGH output state is calculated as follows: Current Jo ymax) 18 the 

maximum current that the gate can source to a load. Each load input requires an 

Titmax) Of 40 wA. The HIGH-state fan-out is 

— 400 nA 
40 pA 


ToH(max) 





10 








iat eaux) 


For the LOW output state, fan-out is calculated as follows: Joy (max) 18 the maximum 
current that the gate can sink. Each load input produces an Jy ¢nax) Of — 1.6 mA. The 
LOW-state fan-out is 


Lor-(inax) = 16mA 7 


 16mA — 





10 








laoreet 


In this case both the HIGH-state fan-out and the LOW-state fan-out are the same. 


Related Problem Determine the fan-out for a 74LS00 NAND gate. 
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Using Open-Collector Gates for Wired-AND Operation 


The outputs of open-collector gates can be wired together to form what is called a wired- 
AND configuration. Figure 14—37 illustrates how four inverters are connected to produce a 
4-input negative-AND gate. A single external pull-up resistor, R,, is required in all wired- 
AND circuits. 


@ FIGURE 14-37 


A wired-AND configuration of four 
inverters. 


X = ABCD 





When one (or more) of the inverter inputs is HIGH, the output X is pulled LOW because 
an output transistor is on and acts as a closed switch to ground, as illustrated in Figure 
1438 (a). In this case only one inverter has a HIGH input, but this is sufficient to pull the 
output LOW through the saturated output transistor Q, as indicated. 


+5 V 45 V <@ FIGURE 14-38 


Open-collector wired negative-AND 
operation with inverters. 





HIGH LOW 
LOW LOW 
LOW HIGH 
| 
| | 
l | 
LOW OFF LOW OFF 
af ei 
(a) When one or more output transistors are (b) When all output transistors are off, 
on, the output is LOW. the output is HIGH. 


For the output X to be HIGH, all inverter inputs must be LOW so that all the open- 
collector output transistors are off, as indicated in Figure 14—38(b). When this condition 
exists, the output X is pulled HIGH through the pull-up resistor. Thus, the output X is 
HIGH only when all the inputs are LOW. Therefore, we have a negative-AND function, 
as expressed in the following equation: 


X=ABCD 
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EXAMPLE 14-5 
Write the output expression for the wired-AND configuration of open-collector AND 
gates in Figure 14-39. 


>» FIGURE 14-39 


+ Vcc 
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Solution The output expression is 
X = ABCDEFGH 


The wired-AND connection of the four 2-input AND gates creates an 8-input AND gate. 


Related Problem Determine the output expression if NAND gates are used in Figure 14—39. 


EXAMPLE 14-6 
Three open-collector AND gates are connected in a wired-AND configuration as 


shown in Figure 14-40. Assume that the wired-AND circuit is driving four standard 
TTL inputs (—1.6 mA each). 


(a) Write the logic expression for X. 
(b) Determine the minimum value of R, if Jor @naxy for each gate is 30 MA and Voy imax) 


is 0.4 V. 


» FIGURE 14-40 
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Solution (a) X = ABCDEF 
(b) 4(1.6 mA) = 6.4mA 


ly, = Jetty 7 OA DA = SOMA — G4 MA. = 23.0 mA 


Vee — Vottinass ot OA 


Rp = = = 195 OD 
: Te 23.6 mA 
Show the wired-AND circuit for a 10-input AND function using 74LS09 quad 2-input 


Related Problem 
AND gates. 


~Connection of Totem-Pole Outputs 


Totem-pole outputs cannot be connected together because such a connection might produce 
excessive current and result in damage to the devices. For example, in Figure 14-41, when 
Q, in device A and Q, in device B are both on, the output of device A is effectively shorted 
to ground through Q, of device B. 


+5 V +5 V 
O O 
ON OFF 
Rest Rest 
of of 
circuit OC 0 circuit 
OFF ON 





Open-Collector Buffer/Drivers 


A TTL circuit with a totem-pole output is limited in the amount of current that it can sink 
in the LOW state (oz (max)) to 16 mA for standard TTL and 8 mA for LS TTL. In many spe- 
cial applications, a gate must drive external devices, such as LEDs, lamps, or relays, that 
may require more current than that. 

Because of their higher voltage and current-handling capability, circuits with open- 
collector outputs are generally used for driving LEDs, lamps, or relays. However, totem- 
pole outputs can be used, as long as the output current required by the external device 
does not exceed the amount that the TTL driver can sink. 

With an open-collector TTL gate, the collector of the output transistor is connected to an 
LED or incandescent lamp, as illustrated in Figure 14—42. In part (a) the limiting resistor, 
R,, is used to keep the current below maximum LED current. When the output of the gate 
is LOW, the output transistor is sinking current, and the LED is on. The LED is off when 
the output transistor is off and the output is HIGH. A typical open-collector buffer gate can 
sink up to 40 mA. In part (b) of the figure, the lamp requires no limiting resistor because 
the filament is resistive. Typically, up to +30 V can be used on the open collector, depend- 
ing on the particular logic family. 


«@ FIGURE 14-41 


Totem-pole outputs wired together. 
Such a connection may cause 
excessive current through Q), of 
device A and Q), of device B and 


should never be used. 
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(b) Driving a low-current lamp 


& FIGURE 14-42 


Some applications of open-collector drivers. 


EXAMPLE 14-7 
Determine the value of the limiting resistor, R,, in the open-collector circuit of 


Figure 14-43 if the LED current is to be 20 mA. Assume a 1.5 V drop across the 
LED when it is forward biased and a LOW-state output voltage of 0.1 V at the 


output of the gate. 








» FIGURE 14-43 
= ee pea a Fe +5 V 
R, 
A 
B 
Solution Va, =S5V—-15V -O1V=34V 
Vr 3.4V 
R, = — = — = 1700 
Ff 20maA Y 


Related Problem Determine the value of the limiting resistor, R,, if the LED requires 35 mA. 


Unused TTL Inputs 
An unconnected input on a TTL gate acts as a HIGH because an open input results in a reverse- 
biased emitter junction on the input transistor, just as a HIGH level does. This effect is illus- 


trated in Figure 1444. However, because of noise sensitivity, it is best not to leave unused TTL 
inputs unconnected (open). There are several alternative ways to handle unused inputs. 


PRACTICAL CONSIDERATIONS IN THE USE OF TTL ® 811 


+5 V +5 V 45 V <« FIGURE 14-44 


Comparison of an open TTL input 
and a HIGH-level input. 
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Reverse-biased diode 
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Diode equivalent of 
emitter junction with 
unconnected input 


TTL input transistor 


Tied-Together Inputs The most common method for handling unused gate inputs is to 
connect them to a used input of the same gate. For AND gates and NAND gates, all tied- 
together inputs count as one unit load in the LOW state; but for OR gates and NOR gates, 
each input tied to another input counts as a separate unit load in the LOW state. In the HIGH 
state, each tied-together input counts as a separate load for all types of TTL gates. In Figure 
14—45(a) are two examples of the connection of two unused inputs to a used input. 

Used 


\ \ 


Two unused inputs Two unused inputs 


Used 
Used 


connected to one used input 


This connection counts as: 
1 unit load in LOW state 


3 unit loads in HIGH state 


connected to one used input 


This connection counts as: 
3 unit loads in LOW state 


3 unit loads in HIGH state 





(a) Tied-together inputs 


+5 V +5 V 






1.0kO Unused 









* ‘ 





Unused input 
LOW 


Unused input 
HIGH 
*— Unused 


Unused gate Unused gate 


(b) Inputs to Vee or ground (c) Inputs to unused output 


A FIGURE 14-45 
Methods for handling unused TTL inputs. 


The AND and NAND gates present only a single unit load no matter how many inputs 
are tied together, whereas OR and NOR gates present a unit load for each tied-together in- 
put. This is because the NAND gate uses a multiple-emitter input transistor; so no matter 
how many inputs are LOW, the total LOW-state current is limited to a fixed value. The NOR 
gate uses a separate transistor for each input; therefore, the LOW-state current is the sum of 
the currents from all the tied-together inputs. 


Inputs to V-c or Ground Unused inputs of AND and NAND gates can be connected to 
Vcc through a 1.0 kQ resistor. This connection pulls the unused inputs to a HIGH level. Un- 
used inputs of OR and NOR gates can be connected to ground. These methods are illus- 
trated in Figure 14-45(b). 
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Inputs to Unused Output A third method of terminating unused inputs may be appropri- 
ate in some cases when an unused gate or inverter is available. The unused gate output must 
be a constant HIGH for unused AND and NAND inputs and a constant LOW for unused 
OR and NOR inputs, as illustrated in Figure 14—45(c). 


Fs SE a WP eee ss” —™ 
| | SECTION 14-4 : | 
| REVIEW 1. In what output state does a TTL circuit sink current from a load? | 


| 2. Why does a TTL circuit source less current into a TTL load than it sinks? 

3. Why can TTL circuits with totem-pole outputs not be connected together? 
| 4. What type of TTL circuit must be used for a wired-AND configuration? 

| 5. Why type of TTL circuit would you use to drive a lamp? 


| 6. An unconnected TTL input acts asa LOW. (T or F) | 


W425) comPARISON OF CMOS AND TTL PERFORMANCE 


In this section, the main operational and performance characteristics of selected 
CMOS series are compared with those of the major TTL series and with BiCMOS. 


Sih Seniesa ae tea ischaemia ane on ene Suiese na 








After completing this section, you should be able to 


=" Compare TTL (bipolar), BiMOS, and CMOS devices in terms of propagation delay, 
maximum clock frequency, power dissipation, and drive capability 


In the past, the superior characteristic of TTL (bipolar) compared to CMOS was its rel- 
atively high speed and output current capability. Today, these advantages of TTL have di- 
minished to the point where CMOS is often equal or superior in many areas and has become 
the dominant IC technology, although TTL is still available and in use, as you know. One 
family of IC logic devices, BiCMOS, combines CMOS logic with TTL output circuitry in 
an effort to combine the advantages of both. 

Table 14—1 provides a comparison of the performance of several IC logic families. 


Vv TABLE 14-1 


Comparison of selected performance parameters of several 74XX IC families. 


BIPOLAR (TTL) BiCMOS 





F LS ALS ABT he AC 


Speed 

Gate propagation 

delay, t,, (ns) a3 10 7 32 7 5 3.7 9 4.3 3 
FF maximum clock 

freq. (MHz) 145 33 45 150 50 160 170 90) 100 150 

Power Dissipation 

Per Gate 

Bipolar: 50% dc (mW) 6 22 1.4 
CMOS: quiescent (uW) 17 





1.6 0.8 0.8 





Output Drive 
To, (mA) 20 8 8 64 + 24 8 12 24 24 





EMITTER-COUPLED LOGIC (ECL) CIRCUITS 


| TsECTION 14-5 | 
| REVIEW 1. What is a BICMOS circuit? 


2. In general, what is the main advantage of CMOS over bipolar (TTL)? 
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EMITTER-COUPLED LOGIC (ECL) CIRCUITS 


Emitter-coupled logic, like TTL, is a bipolar technology. The typical ECL circuit 
consists of a different amplifier input circuit, a bias circuit, and emitter-follower outputs. 
ECL is much faster than TTL because the transistors do not operate in saturation and is 
used in more specialized high-speed applications. 


After completing this section, you should be able to 


= Describe how ECL differs from TTL and CMOS ® Explain the advantages and 
disadvantages of ECL 


An ECL OR/NOR gate is shown in Figure 14—46(a). The emitter-follower outputs pro- 
vide the OR logic function and its NOR complement, as indicated by Figure 14—46(b). 


Differential Bias Complementary 
Multiple inputs amplifier circuit outputs 
SS an, 





O Vec (gnd) 





O OR output \ A+B+C+D 


C 
ue O NOR output = Met ia Cs FF 
(b) 
—0.9V 
on 
O VEE 2 
(-5.2 V) e) 
A R C D —1.75 V 
DS uEEEEEEEEEEEEEEED anmeenneememeemnt -l14V -12V 
Inputs Input voltage 
(a) (c) 


4& FIGURE 14-46 
An ECL OR/NOR gate circuit. 


Because of the low output impedance of the emitter-follower and the high input imped- 
ance of the differential amplifier input, high fan-out operation is possible. In this type of cir- 
cuit, saturation is not possible. The lack of saturation results in higher power consumption 
and limited voltage swing (less than | V), but it permits high-frequency switching. 

The Voc pin is normally connected to ground, and the V,, pin is connected to —5.2 V 
from the power supply for best operation. Notice that in Figure 14-46(c) the output varies 
from a LOW level of — 1.75 V to a HIGH level of —0.9 V with respect to ground. In pos- 
itive logic a | is the HIGH level (less negative), and a 0 is the LOW level (more negative). 


814 mm INTEGRATED CIRCUIT TECHNOLOGIES 





Noise Margin 


As you have learned, the noise margin of a gate is the measure of its immunity to undesired 
voltage fluctuations (noise). Typical ECL circuits have noise margins from about 0.2 V to 
0.25 V. These are less than for TTL and make ECL less suitable in high-noise environments. 





Comparison of ECL with TTL and CMOS 


Table 14—2 shows a comparison of key performance parameters for F, AHC, and ECL. 


» TABLE 14-2 en 
BIPOLAR (TTL) CMOS a 


i f ECL seri 
Comparison of ECL series F AHC BIPOLAR (ECL) 





performance parameters with F and 
AHC. Speed 

Gate propagation - 

delay, t, (ns) 3.3 Buy. 0.22-1 - 

FF maximum | 

clock freq. (MHz) 145 170 330-2800 





Power Dissipation o 

Per Gate - 
Bipolar: 50% de 8.9 mW 25mW-73mW 
CMOS: quiescent 2.) wW 


| [secrion 14-6 | ) 
| REVIEW 1. What is the primary advantage of ECL over TTL? 
| 


2. Name two disadvantages of ECL compared with TTL. 


a A 





PMOS, NMOS, AND E*CMOS 


The PMOS and NMOS circuits are used largely in LSI functions, such as long shift 
registers, large memories, and microprocessor products. Such use is a result of the low 
power consumption and very small chip area required for MOS transistors. E*;>CMOS 
is used in reprogrammable PLDs. 


After completing this section, you should be able to 


= Describe a basic PMOS gate ™ Describe a basic NMOS gate ™ Describe a basic 
E°CMOS cell 


~PMOS 


One of the first high-density MOS circuit technologies to be produced was PMOS. It uti- 
lizes enhancement-mode p-channel MOS transistors to form the basic gate building blocks. 
Figure 14-47 shows a basic PMOS gate that produces the NOR function in positive logic. 


PMOS, NMOS, AND E*CMOS 


“@ FIGURE 14-47 
Basic PMOS gate. 


Voc or ground 


Inputs 





Output 


Voc 


The operation of the PMOS gate is as follows: The supply voltage Vcc is a negative volt- 
age, and V¢c¢ is a positive voltage or ground (0 V). Transistor Q; is permanently biased to cre- 
ate a constant drain-to-source resistance. Its sole purpose is to function as a current-limiting 
resistor. If a HIGH (V,-) is applied to input A or B, then Q, or Q, 1s off, and the output is pulled 
down to a voltage near Vgg, which represents a LOW. When a LOW voltage (Vgq) is applied 
to both input A and input B, both Q, and Q, are turned on. This causes the output to go to a 
HIGH level (near Vcec). Since a LOW output occurs when either or both inputs are HIGH, and 
a HIGH output occurs only when all inputs are LOW, we have a NOR gate. 


NMOS 


The NMOS devices were developed as processing technology improved. The n-channel 
MOS transistor is used in NMOS circuits, as shown in Figure 14—48 for a NAND gate and 
a NOR gate. 


Vec Voc 
QO; 

Q; 

Output Output 
Q> 
A ear Q; Q> 
Input A Input B 

Inputs QO, 


Vgc or ground 


joni 


Voc or ground 


(a) NAND (b) NOR 


«@ FIGURE 14-48 
Two NMOS gates. 
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| SECTION 14-7 
REVIEW 


In Figure 14—48(a), Q; acts as a resistor to limit current. When a LOW (Vgg or ground) 
is applied to one or both inputs, then at least one of the transistors (Q, or Q,) 1s off, and the 
output is pulled up to a HIGH level near Vec. When HIGHs (Vcc) are applied to both A and 
B, both Q, and Q, conduct, and the output is LOW. This action, of course, identifies this cir- 
cuit as a NAND gate. 

In Figure 14-48(b), Q; again acts as a resistor. A HIGH on either input turns Q, or Q, 
on, pulling the output LOW. When both inputs are LOW, both transistors are off, and the 
output is pulled up to a HIGH level. 


¢ E*CMOS 


E*CMOS (electrically erasable CMOS) technology is based on a combination of CMOS 
and NMOS technologies and is used in programmable devices such as PROMs and CPLDs. 
An E*CMOS cell is built around a MOS transistor with a floating gate that is externally 
charged or discharged by a small programming current. A schematic of this type of cell is 
shown in Figure 14—49. 


> FIGURE 14-49 
2 
An E*CMOS cell. Pass transistor 


Word line 


Floating gate ee -e 


| 





Bit line 


Substrate 


. 






Control gate 


Sense transistor 
Cell ground 


When the floating gate is charged to a positive potential by removing electrons, the sense 
transistor is turned on, storing a binary zero. When the floating gate is charged to a nega- 
tive potential by placing electrons on it, the sense transistor is turned off, storing a binary 1. 
The control gate controls the potential of the floating gate. The pass transistor isolates the 
sense transistor from the array during read and write operations that use the word and bit 
lines. 

The cell is programmed by applying a programming pulse to either the control gate or 
the bit line of a cell that has been selected by a voltage on the word line. During the pro- 
gramming cycle, the cell is first erased by applying a voltage to the control gate to make the 
floating gate negative. This leaves the sense transistor in the off state (storing a 1). A write 
pulse is applied to the bit line of a cell in which a 0 is to be stored. This will charge the float- 
ing gate to a point where the sense transistor is on (storing a 0). The bit stored in the cell is 
read by sensing presence or absence of a small cell current in the bit line. When a 1 is stored, 
there is no cell current because the sense transistor is off. When a 0 is stored, there is a small 
cell current because the sense transistor is on. Once a bit is stored in a cell, it will remain 
indefinitely unless the cell is erased or a new bit is written into the cell. 


1. What is the main feature of NMOS and PMOS technology in integrated circuits? 
2. What is the mechanism for charge storage in an E*CMOS cell? 
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SUMMARY 


@ Formulas: 


14-1 Vxy = Vonaniny — Vircmin) High-level noise margin 
14-2 Vyr = Vitgmax) — Votimax) Low-level noise margin 

lecy + 1 
14-3 Inc = ry Average dc supply current 
144 Py = Veclce Power dissipation 


Totem-pole outputs of TTL cannot be connected together. 

Open-collector and open-drain outputs can be connected for wired-AND. 

CMOS devices offer lower power dissipation than any of the TTL series. 

A TTL device is not as vulnerable to electrostatic discharge (ESD) as is a CMOS device. 
Because of ESD, CMOS devices must be handled with great care. 

ECL is the fastest type of logic circuit. 

E’?CMOS is used in PROMs and other PLDs. 


FKEYTERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 


CMOS Complementary metal-oxide semiconductor; a type of integrated logic circuit that uses 
n- and p-channel MOSFETs (metal-oxide semiconductor field-effect transistors). 


Current sinking The action of a logic circuit in which it accepts current into its output from a load. 


Current sourcing The action of a logic circuit in which it sends current from its output to a load. 


ECL Emitter-coupled logic; a class of integrated logic circuits that are implemented with nonsat- 
urating bipolar junction transistors. 


E7CMOS Electrically erasable CMOS; the IC technology used in programmable logic devices 
(PLDs). 


Fanout The number of equivalent gate inputs of the same family series that a logic gate can drive. 


Noise immunity The ability of a logic circuit to reject unwanted signals (noise). 


Noise margin The difference between the maximum LOW output of a gate and the maximum ac- 
ceptable LOW input of an equivalent gate; also, the difference between the minimum HIGH out- 
put of a gate and the minimum HIGH input of an equivalent gate. Noise margin is sometimes 
expressed as a percentage of the dc supply voltage. 


Open-collector A type of output for a TTL circuit in which the collector of the output transistor is 
left internally disconnected and is available for connection to an external load that requires rela- 
tively high current or voltage. 


Power dissipation The product of the dc supply voltage and the de supply current in an electronic 
circuit. 


Propagation delay time The time interval between the occurrence of an input transition and the 
occurrence of the corresponding output transition in a logic circuit. 


Pull-up resistor A resistor with one end connected to the de supply voltage used to keep a given 
point in a logic circuit HIGH when in the inactive state. 


Totem pole A type of output in TTL circuits. 
Tristate A type of output in logic circuits that exhibits three states: HIGH, LOW, and high Z. 


TIL Transistor-transistor logic; a type of integrated circuit that uses bipolar junction transistors. 


Unit load A measure of fan-out. One gate input represents a unit load to a driving gate. 
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SELRtESr Answers are at the end of the chapter. 


1. When the frequency of the input signal to a CMOS gate is increased, the average power 


dissipation 
(a) decreases (b) increases 
(c) does not change (d) decreases exponentially 


2. CMOS operates more reliably than TTL in a high-noise environment because of its 
(a) lower noise margin (b) input capacitance 
(c) higher noise margin (d) smaller power dissipation 
3. Proper handling of a CMOS device is necessary because of its 
(a) fragile construction (b) high-noise immunity 
(c) susceptibility to electrostatic discharge (d) low power dissipation 
4. Which of the following is not a TTL circuit? 
(a) 74F00 (b) 74AS00 (c) 74HCOO (d) 74ALS00 
5. An open TTL NOR gate input 
(a) acts as a LOW (b) acts as a HIGH 
(c) should be grounded (d) should be connected to Vcc through a resistor 
(e) answers (b) and (c) (f) answers (a) and (c) 
6. An LS TTL gate can drive a maximum of 
(a) 20 unit loads (b) 10 unit loads 
(c) 40 unit loads (d) unlimited unit loads 


7. If two unused inputs of a LS TTL gate are connected to an input being driven by another LS 
TTL gate, the total number of remaining unit loads that can be driven by this gate is 


(a) seven (b) eight (c) seventeen (d) unlimited 
8. The main advantage of ECL over TTL or CMOS is 
(a) ECL is less expensive (b) ECL consumes less power 


(c) ECL is available in a greater variety of circuit types (d) ECL is faster 
9, ECL cannot be used in 
(a) high-noise environments (b) damp environments (c) high-frequency applications 
10. The basic mechanism for storing a data bit in an E°CMOS cell is 
(a) control gate (b) floating drain 


(c) floating gate (d) cell current 


/PROBLEMS ROBLEMS Answers to odd-numbered problems are at the end of the book. 


SECTION 14-1 _ Basic Operational Characteristics and Parameters 


1. A certain logic gate has a Voyimin) = 2-2 V, and it is driving a gate with a Vipymin) = 2.5 V. Are 
these gates compatible for HIGH-state operation? Why? 

2. A certain logic gate has a Voy (max) = 0.45 V, and it is driving a gate with a Vi gnax) = 0.75 V. 
Are these gates compatible for LOW-state operation? Why? 

3. A TTL gate has the following actual voltage level values: Vijyminy = 2.25 V, Virgmaxy = 0.65 V. 
Assuming it is being driven by a gate with Voronin) = 2.4 V and Votmax) = 9.4 V, what are the 
HIGH- and LOW-level noise margins? 


4. What is the maximum amplitude of noise spikes that can be tolerated on the inputs in both the 
HIGH state and the LOW state for the gate in Problem 3? 


» TABLE 14-3 


» FIGURE 14-50 


» FIGURE 14-51 
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5. Voltage specifications for three types of logic gates are given in Table 14—3. Select the gate 
that you would use in a high-noise industrial environment. 


Vou(MiN) VoL(mMax) Vin(MIN) Vit(max) 





Gate A 2A. 0.4V ZV 0.8 V 
Gate B 35 VY 0.2 V 25 0.6 V 
Gate C 42V 0.2 V 32V 0.8 V 





6. Acertain gate draws a dc supply current from a +5 V source of 2 mA in the LOW state and 
3.5 mA in the HIGH state. What is the power dissipation in the LOW state? What is the power 
dissipation in the HIGH state? Assuming a 50% duty cycle, what is the average power 
dissipation? 


7. Each gate in the circuit of Figure 14—50 has a tp, and a tpy, of 4 ns. If a positive-going pulse 
is applied to the input as indicated, how long will it take the output pulse to appear’? 


sv | L ‘ 


Output 





8. For a certain gate, tp,,, = 3 ns and tpy, = 2 ns. What is the average propagation delay time? 


9. Table 14~4 lists parameters for three types of gates. Basing your decision on the speed-power 
product, which one would you select for best performance? 


» TABLE 14-4 


toiy | tp 
Gate A l ns 1.2 ns 
Gate B 5 ns 4 ns 


Gate C 10 ns 10 ns 





10. Which gate in Table 14—4 would you select if you wanted the gate to operate at the highest 
possible frequency? 


11. A standard TTL gate has a fan-out of 10. Are any of the gates in Figure 14—51 overloaded? If 
so, which ones? 
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Which CMOS gate network in Figure 14-52 can operate at the highest frequency? 


12. 





(b) 





A FIGURE 14-52 


SECTION 14-2 CMOS Circuits 
13. Determine the state (on or off) of each MOSFET in Figure 14—53. 


LOW ] 


(d) 


Ht Layo 
IHW Hye 


>» FIGURE 14-53 45V +5V 
HIGH | Ee HIGH id aL LOW ‘4 


(a) (b) (c) 


14. The CMOS gate network in Figure 14—54 is incomplete. Indicate the changes that should be made 


» FIGURE 14-54 
Output 





* unused inputs 


15. Devise a circuit, using appropriate CMOS logic gates and/or inverters, with which signals 
from four different sources can be connected to a common line at different times without 


interfering with each other. 


SECTION 14-3 _ TTL Circuits 
16. Determine which BJTs in Figure 14—55 are off and which are on. 
+5V +5V +5V 45°V 


m» FIGURE 14-55 


+5 V OV +5 V 


(c) (d) 


(a) (b) 


» FIGURE 14-56 


» FIGURE 14-57 


SECTION 14-4 


>» FIGURE 14-58 


>» FIGURE 14-59 
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17. Determine the output state of each TTL gate in Figure 14—56. 


+5 V 


HIGH HIGH HIGH HIGH 
LOW LOW HIGH HIGH 


HIGH 


(a) (b) (c) (d) 


18. The TTL gate network in Figure 14—57 is incomplete. Indicate the changes that should be made. 





* unused inputs 


Practical Considerations in the Use of TTL 
19. Determine the output level of each TTL gate in Figure 14-58. 


+5 V 
O +5 V 
O 





+5 V OV 
Open Open LOW 
(c 


(a) (b) ) 


20. For each part of Figure 14—59, tell whether each driving gate is sourcing or sinking current. 
Specify the maximum current out of or into the output of the driving gate or gates in each case. 


All gates are standard TTL. 


HIGH 
HIGH 


LOW 
LOW 





(a) (b) 


LOW 
HIGH 





(Cc) 


21. Use open-collector inverters to implement the following logic expressions: 
(a) X=ABC (b)X=ABCD (ce) X=ABCDEF 
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>» FIGURE 14-60 


SECTION 14-5 


>» FIGURE 14-61 


22. Write the logic expression for each of the circuits in Figure 14—60. 





(b) (c) 


23. Determine the minimum value for the pull-up resistor in each circuit in Figure 14—60 if 
Totimaxy = 40 mA and Voy (max) = 0.25 V for each gate. Assume that 10 standard TTL unit 
loads are being driven from output X and the supply voltage is 5 V. 


24. A certain relay requires 60 mA. Devise a way to use open-collector NAND gates with 
Totimax) = 40 mA to drive the relay. 


Comparison of CMOS and TTL Performance 
25. Select the IC family with the best speed-power product in Table 14—1. 


26. Determine from Table 14—1 the logic family that is most appropriate for each of the following 
requirements: 


(a) shortest propagation delay time 

(b) fastest flip-flop toggle rate 

(c) lowest power dissipation 

(d) best compromise between speed and power for a logic gate 


27. Determine the total propagation delay from each input to each output for each circuit in 
Figure 14-61. 


wi 
A xX B 
B 
C es 
C 2 
D i 
D 
(a) 74FXX gates (b) 74HCXX gates 


(c) 74AHCXX gates 
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28. One of the flip-flops in Figure 14—62 may have an erratic output. Which one is it if any and why? 


HIGH HIGH 








(c) 


A FIGURE 14-62 


SECTION 14-6 Emitter-Coupled Logic (ECL) Circuits 
29. What is the basic difference between ECL circuitry and TTL circuitry? 
30. Select ECL, HCMOS, or the appropriate TTL series for each of the following requirements: 
(a) highest speed 
(b) lowest power 


(c) best compromise between high speed and low power (speed-power product) 





SECTION 14-1 _ Basic Operational Characteristics and Parameters 


1. Vj: HIGH level input voltage: V;,: LOW level input voltage; Voy: HIGH level output voltage; 
Vo: LOW level output voltage 


2. A higher value of noise margin is better. 
3. Gate B can operate at a higher frequency. 


4. Excessive loading reduces the noise margin of a gate. 


SECTION 14-2 CMOS Circuits 
1. MOSFETs are used in CMOS logic. 
2. A complementary output circuit consists of an n-channel and a p-channel MOSFET. 


3. Because electrostatic discharge can damage CMOS devices 


SECTION 14-3 TTL Circuits 
1. False, the npn BST is off. 
2. The on state of a BJT is a closed switch; the off state is an open switch. 


3. Totem-pole and open-collector are types of TTL outputs. 
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4. Tristate logic provides a high-impedance state, in which the output is disconnected from the 
rest of the circuit. 


SECTION 14-4 Practical Considerations in the Use of TTL 
1. Sink current occurs in a LOW output state. 


2. Source current is less than sink current because a TTL load looks like a reverse-biased diode in 
the HIGH state. 


3. The totem-pole transistors cannot handle the current when one output tries to go HIGH and the 
other is LOW. 


4. Wired-AND must use open-collector. 
5. Lamp driver must be open-collector. 


6. False, an unconnected TTL input generally acts as a HIGH. 


SECTION 14-5 Comparison of CMOS and TTL Performance 
1. BiCMOS uses bipolar transistors for input and output circuitry and CMOS in between. 
2. CMOS has lower power dissipation than bipolar. 


SECTION 14-6 Emitter-Coupled Logic (ECL) Circuits 
1. ECL is faster than TTL. 


2. ECL has more power and less noise margin than TTL. 


SECTION 14-7 PMOS, NMOS, and E*7CMOS 
1. NMOS and PMOS are high density. 


2. The floating gate is the mechanism for storing charge in an E7CMOS cell. 





14-1 CMOS 14-2 10.75 pW 
14-3 Dpycourcey = 5(20 pA) = 100 pA 
Tysink) = 5(—0.4 mA) = —2.0mA 
14-4 Fan-out = 20 
14-5 X = (AB)(CD)(EF)(GH) = (A + B)(C + D)(E + F)(G + BA) 
14-6 See Figure 14-63. 14-7 R, = 97Q 





» FIGURE 14-63 
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110110 
110111 
111000 
111001 
111010 
111011 
111100 
111101 
111110 
111111 
1000000 
1000001 
1000010 


1000011 


68 
69 
70 
71 
72 
13 
74 
aS 
76 
Ve 
78 
qT 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
9] 
92 
03 
94 
oS 
96 
97 
98 
99 


01101000 
01101001 
01110000 
01110001 
01110010 
O1110011 
01110100 
OL110101 
O1110110 
OL11IO111 
01111000 
01111001 
10000000 
10000001 
10000010 
10000011 
10000100 
10000101 
10000110 
10000111 
10001000 
10001001 
10010000 
10010001 
10010010 
10010011 
10010100 
10010101 
10010110 
10010111 
10011000 
10011001 


104 
105 
106 
107 
110 
Lt 
i2 
113 
114 
115 
116 
117 
120 
121 
122 
123 
124 
125 
126 
127 
130 
131 
132 
133 
134 
135 


136 


137 
140 
141 
142 
143 


1000100 
1000101 
1000110 
1000111 
1001000 
1001001 
1001010 
1001011 
1001100 
1001101 
1001110 
1001111 
1010000 
1010001 
1010010 
1010011 
1010100 
1010101 
1010110 
1010111 
1011000 
1011001 
1011010 
1011011 
1011100 
LOL1101 
1OLL110 
1O11111 
1100000 
1100001 
1100010 
1100011 
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The development board with programmed 
CPLD and an interface board running model traffic 
lights in the lab. Courtesy of Dave Buchla. 





4 FIGURE B-1 





Interface circuit used with model traffic lights. One circuit drives one light. 


Project board 





+5 V source 
Project board 
output pin 
an 
CRYDOM 
D2W03F 
Project board = 
ground 3-32 VDC 
ad 
0 ama 
3A 240 VAC 
Lamp 40 W a 
Solid-state relay 
Student holding a development board with the 
programmed CPLD running real traffic lights in the lab. 
The interface circuits are in the metal box mounted on 
110 VAC the light support. Courtesy of Doug Joksch. 


A FIGURE B-2 





Interface circuit used with actual traffic lights. One circuit drives one light. 
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Answers to Odd-Numbered Problems 


Chapter 1 


Le 


3. (a) 11010001 


a. 
13. 
15. 


17. 
i. 


21. 
23. 


25. 
27. 


Digital can be transmitted and stored more efficiently and 
reliably. 


(b) 000101010 


(a) 550ns_ (b) 600 ns 

(c) 2.7 us (d) 10 V 

250 Hz 

50% 

8 us; 1 us 

AND gate 

(a) adder (b) multiplier 

(c) multiplexer (d) comparator 

01010000 

DIP pins go through holes in a circuit board. SMT pins 


connect to surface pads. 

ABEL, CUPL 

(a) Designentry: The step in a programmable logic 
design flow where a description of the circuit is entered 


in either schematic (graphic) form or in text form using 
an HDL. 

(b) Simulation: The step in a design flow where the entered 
design is simulated based on defined input waveforms. 


(c) Compilation: A program process that controls the 
design flow process and translates a design source code 
to object code for testing and downloading. 

(d) Download: The process in which the design is 
transferred from software to hardware. 


7V 


A collection of circuits interconnected to perform a specified 
function 


29. Enter a new value on the keypad. 

Chapter 2. 

1. (a) 1 (b) 100 (c) 100,000 

3. (a) 400; 70; 1 (b) 9000; 300; 50; 6 
(ec) 100,000; 20,000; 5000; 0; 0; 0 

5. (a) 3 (b) 4 (c) 7 (d) 8 (e) 9 
(f) 12 (g) 11 (h) 15 

7. (a) 31.75 (b) 42.25 (c) 65.875 
(d) 120.625 (e) 92.65625 (f) 113.0625 
(g) 90.625 (h) 127.96875 

9. (a) 5 bits (b) 6 bits (c) 6 bits 
(d) 7 bits (e) 7 bits (f) 7 bits 
(g) 8 bits (h) 8 bits 
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11. 


13. 


15. 


Ly. 


19. 


21. 


23. 


25. 
27. 


29. 


31. 


33; 
IDs 


37. 


39. 
41. 


43. 


(a) 1010 (b) 10001 (c) 11000 
(d) 110000 (e) 111101 (f) 1011101 
(g) 1111101 (h) 10111010 

(a) 1111 (b) 10101 (c) 11100 
(d) 100010 (e) 101000 (f) 111011 
(g) 1000001 (h) 1001001 

(a) 100 (b) 100 (c) 1000 

(d) 1101 (e) 1110 (f) 11000 

(a) 1001 (b) 1000 (c) 100011 
(d) 110110 (e) 10101001 (f) 10110110 
(a) 010 (b) 001 (c) O101 
(d) 00101000 (e) 0001010 (f) 11110 
(a) 00011101 (b) 11010101 

(c) 01100100 (d) 11111011 

(a) 00001100 (b) 10111100 

(c) 01100101 (d) 10000011 

(a) —102 (b) +116 (c) —64 


(a) 0 10001101 1111000010101 1000000000 
(b) 1 10001010 11000001 100000000000000 
(a) 00110000 ~— (b) 00011101 

(c) 11101011 = (d) 100111110 

(a) 11000101 — (b) 11000000 
100111001010 

(a) 00111000 

(b) 01011001 

(c) 101000010100 

(d) 010111001000 

(e) 0100000100000000 

(f) 1111101100010111 

(g) 1000101010011101 


— 


(a) 35 (b) 146 — (ce) 26 (d) 141 

(e) 243 = (f) 235~—Ss (g):«*1474 ~—s(h) «1792 

(a) 60,,  (b) 10By  (c) IBA, 

(a) 10 ~—(b) 23 (c) 46 (d) 52 (e) 67 
(f) 367 (g) 115. (h) 532._—~—s (i): 4085 

(a) 001011 = (b) 101111 


(c) 001000001 
(d) 011010001 

(e) 101100000 

(f) 100110101011 

(g) 001011010111001 
(h) 100101110000000 
(i) 001000000010001011 


45. 


47. 


49. 


51. 


D3. 


55. 
a7. 


59. 
61. 
63. 


65. 
67. 


1. 


(a) 00010000 (b) 00010011 
(c) 00011000 (d) 00100001 
(e) 00100101 (f) 00110110 
(g) 01000100 (h) O1O10111 
(i) 01101001 (j) 10011000 
(k) 000100100101 (1) 000101010110 
(a) 000100000100 (b) 000100101000 


(c) 000100110010 —_ (d)- 000101010000 

(e) 000110000110 — (f) 001000010000 

(g) 001101011001 — (h) 010101000111 

(i) 0001000001010001 

(a) 80 (b) 237 = (©) 346-~—s (dd) «221 
(e) 754 ~(f) 800 ~— (g) 978 _~—s(h): 1683 
(i) 9018  (j) 6667 


(a) 00010100 (b) 00010010 
(c) 00010111 (d) 00010110 
(e) 01010010 (f) 000100001001 


(g) 000110010101 (h) 0001001001101001 


The Gray code makes only one bit change at a time when 
going from one number in the sequence to the next. 


(a) 1100 (b) 00011 (c) 10000011110 

(a) CAN (b) J (c) = 

(d) # (e) > (f) B 

48 65 6C 6C 6F 2E 20 48 6F 77 20 61 72 65 20 79 6F 75 3F 
(b) is incorrect. 

(a) 110100100 (b) 000001001 

(c) 111111110 

001010001 

(a) 110100010 (b) 100000101 


See Figure P—1. 


HIGH | | | | | | | | | | 
Vis 
LOW | | 1 | | | | | | | 


V HIGH ' ' ' ' ! ' ' ' 


4 FIGURE P-1 


3. 


See Figure P—2. 


® FIGURE P-2 cae Cee 
I) 
I nil 
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5. See Figure P-3. 


& FIGURE P-3 


7. See Figure P-4. 
a ae oe BE Pee 
| | l | 
| | | l 
RAT Lit bt! 
ailien -atecacie | 


Output X _ | | | ] | 


& FIGURE P-4 


9. See Figure P—5. 


A FIGURE P-5 


11. See Figure P-6. 


& FIGURE P-6 


13. See Figure P—7. 


4 FIGURE P-7 


——————— ee ee, 


830 


= ANSWERS TO ODD-NUMBERED PROBLEMS 


15. See Figure P-8. 


& FIGURE P-8 


17. 


See Figure P-9. 


& FIGURE P-9 


19. 
21. 


XOR = AB+ AB;OR=A+B 
See Figure P—10. 


A FIGURE P-10 


23. 
25. 
27. 
29. 
a 
33s 


Eo 
Ji, 


¥, = ABN = AB, = AB 


CMOS 

tppy = 4.3 ns; tpy, = 10.5 ns 

20 mW 

The gates in parts (b), (c), (e) are faulty. 


(a) defective output (stuck LOW or open) 
(b) Pin 4 input or pin 6 output internally open. 
The seat belt input to the AND gate is open. 


See Figure P—11. 


Temp. 
sensor 





Pressure 
sensor 


4 FIGURE P-11 





39. Add an inverter to the enable input line of the AND gate. 


41. See Figure P—12. 


Ignition 
switch 
To 
Lights headlight 
switch control 





Timer produces a LOW output 
15 s after AND gate output goes HIGH 


A FIGURE P-12 


43. The inputs are now active-LOW. Change the OR gates to 
NAND gates (negative-OR) and add two inverters. 


45. Gate inputs shorted together 
47. Gate output open 


1. X=A+B+C+D 

3. X=A+B+C 

5. (a) AB=1whenA=1,B=1 
(bi) ABC = TwhenA = 1,8 =0,C=1 
(c) A+B=OwhenA =0,B=0 
(d) A+ B+ C=OwhenA=1,B=0,C=1 
(ec) A+ B+ C=O0whenA=1,B=1,C=0 
(f) A+ B=OwhenA =1,B=0 
() ABE = bt whns=— TE =6-C=0 

7. (a) Commutative (b) Commutative 


(c) Distributive 


9. (a) AB (b) A+B 
(c) ABC (d) A+B+C 
(ec) A+BC (f) A+B+C+D 
(g) (A+ B)(C+D) (bh) AB+CD 
ii. @) A+ R+ CE+F + G)4+1+J) 
(K + L + M) 
(b) ABC + BC 


(c) ABCDEFGH 
13. (a) X = ABCD (b) X=AB+C 


(c) X = AB (d) X=(A+B)C 
15. See Figure P-13. 
17. (a) A (b) AB (c) C 


(dq) A (e) AC+ BC 

19. (a) BD+BE+DF  (b) ABC+ABD 
(c) B (d) AB+ CD 
(e) ABC 


ANSWERS TO ODD-NUMBERED PROBLEMS & 


B ¢ 


(a) X=AB+AB (b) X=AB+AB+ABC 


A B 
B XxX C 
Cc 

D D 


(c) X=AB(C + D) (d) X=A+B[C+D(B+C)] 


A FIGURE P-13 


21. (a) 
(a) 


23. 


25. 


27. 


29. 


(b 


— 


(c) 


(a) 
(c) 


(a 


(b 


(c 


(a 


— 


~ 


—_ 


— 


AB+AC+BC  (b) AC+BC (c) AB+AC 29. (b) See Table P-2. 


Domain: A, B, C 7 
Standard SOP: ABC + ABC + ABC + ABC WY TABLE P-2 


Domain: A, B, C 
Standard SOP: ABC + ABC + A BC 


Domain: A, B, C 7 7 
Standard SOP: ABC + ABC + ABC 


101 + 100 + JA + OL (b) 111 + 101 + 001 
L1i + 110 + 101 


(A+B+C)(A+B+C)(A+B+C) 
(A+B+C) 














(A+B+C)(A+B+C)/(A+B+C) 
(A+B+C)(A+B+C) 


= -_—- © OO FY KF CO CO 
= Oo ~- OO F- CO &- OO 





(A+B+C)(A+B+C)\(A+B+C) 
(A+B+C)(A+B+C) 


See Table P-1. 


foe ee So SoS Ss 


31. (a) See Table P-3. 


Y TABLE P-1 Vv TABLE P-3 











pom myn isle cl SES Seeierey ere aS WRU = utc cams RES co 
pare iT BR OT RN om EE a eS co 





0 
0 
] 
0 
0 
1 


tS Bo eo Ors es 
(oH os Soo = Ss 6 
= — = He oO oo}S 


ee 
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33. (b) See Table P-6. 


31. (b) See Table P—4. 


Vv TABLE P-6 


Vv TABLE P-4 





33. (a) See Table P-5. 


35. See Figure P-14. 


Vv TABLE P-5 





-14 


» FIGURE P 


37. See Figure P-15. 





-15 


» FIGURE P 





39. 


41. 


43. 
45. 
47. 


49. 


Si. 
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(a) No simplification (b) AC 53. 

(c) DF + EF 

(a) AB + AC 

(b) A+ BC 

(c) BCD + ACD + BCD + ACD 

(d) AB + CD 

B+C 

ABCD +CD+ BC+ AD 55. 

(a) (A+ B+C+D(4+B+ C+D) 57. 
(A+B+C+D) 59. 

(b) (W + Z)(W + X)(Y + Z)(X + Y) 

Ati + D)(4+ B+ C\GA +B + D) 61. 

(B+C+D)\(A+B+C+D) 63. 
AROCNE 65. 


A BDE + ABDE + B CDE + ABCD 


» FIGURE P-16 


segment b=(C+B+A)(C+B+A) 


D 


segment d=(D + C+B+tANKC+B ANC +B +A) 


segment f= (D+ C+A)(C + BY\B +A) 


833 


entity AND_OR is 
port (A, B, C, D, E, FE, G, H, I: in bit; X: out bit); 
end entity AND_OR; 
architecture Logic of AND_OR is 
begin 
X <= (A and B and C) or (D and E and F) or 
(G and H and I); 


end architecture Logic; 
LED. LEDs emit light, LCDs do not. 
One less inverter and six fewer gates. 


Add an inverter to the output of the OR gate in each of the 
segment logic circuits. 


See Figure P-16. 
Inverter output open 


b-segment OR gate output open 


segmentc=C+B+A 


B 


segment e = A(C + B) 


BA 


* 
_ 


segment g =(D+C+B)(C+B+A) 
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Chapter 5 5. (c) 5. (d) 
1. See Figure P-17. 





Se 
SAK TOADRMONDS 
| 
/ 


5. (e) 5. (f) 
A FIGURE P-17 





3. (a) X = ABB (b) X=AB+B 
(c) X=A+B  (d)X=(A+B)+AB 
(e) X=ABC (ff) X=(A+B)(B+C) 
5. (a) 5. (b) 








Pe ee Oe 
/ ea Ve Se com> Se de en 
CS Soa SS SS 
oe re oOorH OO 

a > oo GD DT GD) 


Pe eroorroeo 
fF Or OF OF CO 
: — Oo —_— (<=) — OS — (cap) 





0 0 0 | 
0 1 1 
1 0 0 ae 7 _ 
i 1 § 7. X=AB+AB=(A+B)(A+B) 
oe = 9. See Figure P-18. 
A 
B : ~ 
x 6 
¢ (b) X=A(B+C) 
(a) X=AB+BC 
A 3B 
B . , 
X 
G 
B 
(c) X=AB+AB (d) X=ABC + B(EF + G) 
A 
B 
D z X 


(e) X=A[BC(A+B+C+D)] 





(f) X = B(CDE + EFG) (AB + C) 


4 FIGURE P-18 
eee 


11. See Figure P-19. 
A 
B 
z 


4 FIGURE P-19 


13. X = AB 

15. (a) No simplification 
(b) No simplification 
(c) X=A 


(dd) X=A+Bt+Ct+EF+G 


(e) X = ABC 


(f) X = BCDE + ABEFG + BCEFG 


» FIGURE P-20 


>» FIGURE P-21 


» FIGURE P-22 


~ 


oC 
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17. (a) X=AC+AD+ BC+ BD 
(b) X = ACD + BCD 
(c) X=ABD+CD+E 
(d) X=A+B+D 
(ce) X=ABD+CD+E 
() X=AC+AD+BC+BD+EG+EH 

+FG+ PHA 

19. See Figure P—20. 

21. See Figure P-21. 

23. See Figure P—22. 

25. See Figure P—23 on page 836. 

27. X=Art B: see Figure P—24. 

29. X = AB C; see Figure P25. 


A s 
X 
- 
A A B 
B X B X B 
( Cc C 


(a) X=ABC 


A 
B 
C 
D 


(e) X=AB+CD 


FY osty py 


(g) X= AB[C(DE + AB) + BCE] 


(b) X=ABC (c) X=A+B (d) X=A+B+C 


B 


C 


D 


(f) X=(A + B\(C + D) 


Sy 
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> FIGURE P-23 : 
B ; A X 


(d) (e) (f) 


A FIGURE P-24 A FIGURE P-25 
31. The output pulse width is greater than the specified end entity Circuit5_53f; 
minimum. architecture LogicFunction of Circuit5_53f is 
33. (e) entity Circuit 5_52e is component NAND gate is 
port (A, B, C: in bit; X: out bit); port (A, B: in bit; X: out bit): 
end entity Circuit5_52e; end component NAND gate; 
architecture LogicFunction of Circuit5_52e is signal GIOUT, G2OUT, G30UT, G4OUT, GSOUT, 
begin G6OUT: bit; 
X <= (not A and B) or B or (B and not C) or begin 
(not A and not C) or (B and not C) or not C; G1: NAND_ gate port map (A => INI, B => IN2, X => 
end architecture LogicFunction; G1OUT); 
(f) entity Circuit5_52f is G2: NAND_ gate port map (A => IN3, B => IN4, X => 
port (A, B, C: in bit; X: out bit); G20UT); 
end entity CircuitS_52f: G3: NAND_ gate port map (A => INS, B => IN6, X => 
architecture LogicFunction of Circuit5_52f is 1 sia 
besin G4: NAND_ gate port map (A => IN7, B => IN8, X => 
G40UT); 
AS Or B) aii (not © or (); G5: NAND_ gate port map (A => GIOUT, B => 
end architecture LogicFunction; G20UT, X => G5OUT); 
35. Number gates from top to bottom and left to right G1, G2, G6: NAND_ gate port map (A => G30UT, B => 
G3, etc. Relabel inputs IN1, IN2, IN3, etc. and output OUT. G40OUT, X => G6OUT); 
entity CircuitS _53f is G7: NAND_ gate port map (A => G5OUT, B => 


port (IN1, IN2, IN3, IN4, INS, IN6, IN7, IN8: in bit: GOUT, X => OUT); 
OUT: out bit); end architecture LogicFunction; 


a7. 


39. 
41. 


--Data flow approach 
entity Fig5_64 is 
port (A, B, C, D, E: in bit; X: out bit); 
end entity Fig5_ 64; 
architecture DataFlow of Fig5_64 is 
begin 
X <= (A and B and C) or (D and not E); 
end architecture DataFlow: 
--Structural approach 
entity Fig5_64 is 
port (IN1, IN2, IN3, IN4, INS: in bit; OUT: out bit); 
end entity Fig5_64; 
architecture Structure of Fig5_64 is 
component AND_ gate is 
port (A, B: in bit; X: out bit); 
end component AND _ gate; 
component OR_ gate is 
port (A, B: in bit; X: out bit); 
end component OR_ gate; 
component Inverter is 
port (A: in bit; X: out bit); 
end component Inverter; 
signal GIOUT, G2OUT, G30UT, INVOUT: bit; 
begin 
G1: AND_ gate port map (A => IN1, B => IN2, 
X => G1OUT); 


G2: AND_gate port map (A => GIOUT, B => IN3, 
X => G20UT); 

INV: Inverter port map (A => IN5, X => INVOUT); 
G3: AND_ gate port map (A => IN4, B => INVOUT, 
X => G30UT); 

G4: OR_gate port map (A => G2OUT, B => G30UT, 
X => OUT); 


end architecture Structure; 


See Table P—7. 
The AND gates are numbered top to bottom G1, G2, G3, G4. 
The OR gate is G5 and the inverters are, top to bottom. G6 
and G7. Change A, A>, B,, B, to IN1, IN2, IN3, IN4 
respectively. Change X to OUT. 
entity Circuit5_62 is 
port (IN1, IN2, IN3, IN4: in bit; OUT: out bit); 
end entity Circuit5_62; 
architecture Logic of Circuit5_ 62 is 
component AND _ gate is 
port (A, B: in bit; X: out bit); 
end component AND_ gate: 
component OR_ gate is 
port (A, B, C, D: in bit; X: out bit); 
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Vv TABLE P-7 


INPUTS OUTPUT 









43. 


45. 
47. 


me Or OF OF OK OH OK OF CO RS 











B GE By) X 
0 0 0 0 
0 0 0 0 
1 0 0 0 
I 0 0 0 
0 0 0 
0 ] 0 0 
i | 0 0 
1 | 0 0 
0 0 | 0 
0 0 i 0 
I 0 | 0 
| 0 1 ] 
0 1 0 
0 i i 
| | 1 

1 | 1 


end component OR_ gate; 
component Inverter is 

port (A: in bit; X: out bit); 
end component [nverter; 


signal GIOUT, G2OUT, G30UT, G40OUT, GSOUT, 
G60UT, G7OUT: bit; 


begin 
Gl: AND_gate port map (A => IN1, B => IN2, 
X => GIOUT); 


G2: AND_ gate port map (A => IN2, B => G6OUT, 
X => G20UT); 


G3: AND_ gate port map (A => G6OUT, B => G7OUT, 
X => G30UT); 


G4: AND_ gate port map (A => G7OUT, B => IN1, 
X => G40UT); 


G5: OR_gate port map (A => GIOUT, B => G2OUT, 
C => G30UT, D => G40UT, X => OUT); 


G6: Inverter port map (A => IN3, X => G6OUT): 
G7: Inverter port map (A => IN4, X => G7OUT): 
end architecture Logic; 


X = ABC + DE. Since X is the same as the G; output, either 
G; or G, has failed, with its output stuck LOW. 


See Figure P—26 on page 838. 
(a) See Figure P-27. (b) X=E 
fe) X= EF 
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Driving gate Load gates 









MSB 
] 
i 
= 
Load gate C 
A FIGURE P-26 E 
Binary 
1 6 
| | " 
rela Scam. LE SOUS aa ; 
& FIGURE P-27 : 
l 
49. See Figure P—28. , ace 
g / 
Ly E 
Ty 
Vin A FIGURE P-31 
Te sieecmeaitiniaite 
Chapter 6 
A FIGURE P-28 
1. (2) ADB=0,2=1, ABC, = 0, AB = 1, Cy = 1 
51. See Figure P29. (b) A®BB=1,L=0,(A @B)C,, = 1,AB = 0, C,,, = 1 
(c) A®B=1,2L=1,A@B)C,, = 0, AB = 0, C,., = 0 
- 3. (a) = 1, Cou = 9; 
‘ (b) 2=1,C,, = 0: 
Tc H 
id 3 =0C 4: 
Ly (d) x = l, Coat = | 
5. 11100 
Heater logic 
7. 2, = 0110; X = 1011; &, = 0110; 2, = 0001; X, = 1000 
9, 225 ns 
Ty 11. A = Bis HIGH when Ap = By and A, = B,; see Figure P-32. 
Ke 13. (a) ASB = A= 8 =0:A28—0 
(b) A<B=1;A=B=0:A>B=0 
+H 
Ly (c) A~B=1;A<B=0;A>B=0 


15. See Figure P-33. 
17. X = AjAsA\Ay + AsA,A Ay + A3ADA, 


Alarm logic 


& FIGURE P-29 


53. X = lamp on, A = front door switch on, B = back door Ao tL Ly Lo 
switch on. See Figure P—30. 4 = i | 
] 
» FIGURE P-30 A ! ! ! ! 
I | I I I 
| | 
B ! | | | | 
55. See Figure P-31. Inverters (not shown) are used to convert ! | 
each HIGH key closure to LOW. A=® | | | Ct 
57. Pin C of OR gate open. 


59. No fault A FIGURE P-32 


(MSB) 
(MSB) | 
] 
| 0 
0 I 
0 
| 
(LSB) 
} 
(LSB) 
(a) (b) 
(MSB) 
] (MSB) 
| 
0) | | 
| 
0 | 
] 0) 
0 (LSB) 
(LSB) 
(e) (f) 


4 FIGURE P-33 


19. See Figure P—34. 


4 FIGURE P-34 


21. A,A>A;Ay = 1011, invalid BCD 
23. (a) 2 = 0010 = 0010, 
(b) 8 = 1000 = 1000, 
(c) 13 = 00010011 = 1101, 
(d) 26 = 00100110 = 11010, 
(e) 33 = 00110011 = 100001, 
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(MSB) 
(MSB) | 
| ] 
| | 
0 | 0 
] 
| 0 
(LSB) 
(LSB) 
(c) (d) 
(MSB) 
0 (MSB) 
| 
| 
0 | 
0 | 
0 ] 
i | 
0 
0 
(LSB) 
l 
(LSB) 
(g) (h) 


25. (a) 1010000000 Gray > 1100000000 binary 
(b) 0011001100 Gray ~> 0010001000 binary 
(c) 1111000111 Gray > 1010000101 binary 
(d) 0000000001 Gray - 0000000001 binary 
See Figure P—35. 


Go Ge Gy G, Gs G4 G G G, Gp 
By Bg B, Be Bs B, B; B, B, By 


& FIGURE P-35 


27. See Figure P—36. 


4 FIGURE P-36 


29. See Figure P—37 on page 840. 

31. See Figure P—38. 

33. (a) OK 
(b) segment g burned out; output G open 
(c) Segment b output stuck LOW 
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(c) The 2, output of the top adder is shorted to ground: 
| Same binary values above 15 will be short by 16. The 


| | | | 
sat Tbr Petr test first BCD value to indicate this will be 0001 1000. 
So alae a ee L (d) The &, output of the bottom adder is shorted to ground: 
’ 1 tdet fied pe Every other set of 16 values starting with 16 will be 
7 : : a5 
| | rf 
| I 
| | 
| | 
| | 


short 16. The first BCD value to indicate this will be 
0001 0110. 


. Place a LOW on pin 7 (Enable). 


ee a _ = 2. Apply a HIGH to Dy and a LOW to D, through Dj. 


Dz | Cc ot tak wt - . Ww 8 ees 3. 
| 


D; 


Data in 


Go through the binary sequence on the select inputs and 
check Y and Y according to Table P-8. 


VY TABLE P-8 











LSD 
D, 
—_—_——a—— Ee ae eee se eee se Se 
DB, 7 ; 








A FIGURE P-37 





ee eS OS SS OS 
cE JE cs eae t= Ie) ere Whlchy ce cera eee Ag era A 
pe ft peek 





a en i 


EVEN | | | | 
| | | | | 

| | | | 

| | | 

| | I 


ODD 


Ay 


| 
| | | 
Ay! | | | | | 
rw 4 
As | 1 | 
| | | 
Ae ! fod 
| | | I I 
| | | 
A> | | I | Pa | 
| ff 
| 
> EVEN -_ y 3 
| | 
| 
| 


x ODD 


4 FIGURE P-38 


4. Repeat the binary sequence of select inputs for each set 
of data inputs listed in Table P—9. A HIGH on the Y 
output should occur only for the corresponding 
combinations of select inputs shown. 


39. Apply a HIGH in turn to each Data input, Dp through D, with 
LOWs on all the other inputs. For each HIGH applied to a 
data input, sequence through all eight binary combinations of 
select inputs (S,$,S,) and check for HIGH on the 
corresponding data output and LOWs on all the other data 
outputs. 


41. See Figure P—39. 





1/474LS00 1/6 74LS04 
SOl 


S02 


From 
State 
decoder 


35. (a) The A, input of the top adder is open: All binary values 
corresponding to a BCD number having a value of 0, 1, 
4,5, 8, or 9 will be off by 2. This will first be seen for a 
BCD value of 0000 0000. 


(b) The carry out of the top adder is open: All values not 
normally involving an output carry will be off by 32. 
This will first be seen for a BCD value of 0000 0000. 


$03 
SO4 





1/4 74LS00 1/6 74LS04 


Output logic 


4 FIGURE P-39 


en 
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Vv TABLE P-9 





47. See Figure P—42. 

49. See Figure P-43. 

51. LSB adder carry out open 
53. Pin 12 of upper 74148 open 


43. ~ = ABC, + ABC, + AB Ci, + ABC, 
Cou = ABC,, + ABC,, + ABC,, + ABC,, 


See Figure P—40. 
45. See the block diagram in Figure P—41 on page 842. 


» FIGURE P-40 
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in 


x C out 
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» FIGURE P-41 


» FIGURE P-42 


» FIGURE P-43 


Chapter 


1. See Figure P44. 


4 FIGURE P-44 


6-position 
Six adder 
switches] . | module 


6-position 
Six adder 


switches | __ module 









VX J 
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Us a ee he Hr 
A ll 
www 



















Keypad 









Yes 


74HC85 


Yes |e 











BCD 
to 
| ses 
| decoder 


BCD 
to 
7-seg 

decoder 











BCD 
to 
7-seg 

decoder 


BCD 
to 
7-seg 

decoder 


74HC85 






Ve = Zi 
> 


A>B A>B 
A= 6 DS 5 A= 5 
A<B < A<B 








ito tO a ote Ss A ee 
ll 
bs Gite 





with (11) di 7T4LS04 
active-LOW (12) 
outputs (13) G2 | 
= uf ‘ 
q 5 BCD 
(3) 
hb 4 
cae 4 
a8 8 
9 


74LS 147 


& FIGURE P-45 


5. See Figure P46. 


4 FIGURE P-46 


7. See Figure P—47. 


4 FIGURE P-47 


9. See Figure P-48. 


& FIGURE P-48 


11. See Figure P—49. 


| 


4 FIGURE P-49 


13. See Figure P—S0. 


4 FIGURE P-50 


ee 
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15. See Figure P-51. 


4 FIGURE P-51 


17. See Figure P—52. 


& FIGURE P-52 


19. Direct current and de supply voltage 
21. 14.9 MHz 

23. 150 mA, 750 mW 

25. divide-by-2; see Figure P—53. 


4 FIGURE P-53 


27. 4.62 us 
29. C, = 1 uF, R, = 227 kQ (use 220 kQ). See Figure P—54. 


+5 V 
C) 





4 FIGURE P-54 
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| 
Upper NAND a wea eae A ee en 
Output 
Lower NAND | | | 
Output 1 1 1 
oT ee 


(a) 


(b) Same as (a) 


Oz \ ; 


Upper NAND “7 tbs 
Output 
! | ! ! ! | : 
0 ee Floating level (HIGH) 
Output ! 1 
I 


(e) 


ae ES ee eee Sa aE ae de US 8G 
QO, 


! I ! 
' 
Output 
Lower NAND 1 
Output ; 


(c) 


(d) X=LOW if p= 1; X= Q, if Q,=0 


& FIGURE P-55 


31. R, = 18kQ, R, = 9.1 kQ. 


33. The wire from pin 6 to pin 10 and the ground wire are 
reversed on the protoboard. 


35. CLR shorted to ground. 
37. See Figure P—55. Delays not shown. 
39. See Figure P—S6. 
4s: C, = 1 pF, R, = 3.63 MQ (use 3.9 MQ) 
25s: C,; = 2.2 uF, R, = 10.3 MQ (use 10 MQ) 
41. See Figure P—57. 


Trigger 





T 0.01 uF 


A FIGURE P-56 





A FIGURE P-57 


43. Q output of U1 open. 
45. SET input of U1 open. 
47. K input of U2 open. 


Chapter 8 
1. See Figure P—-58. 


| | | | 


& FIGURE P-58 


3. Worst-case delay is 24 ns; it occurs when all flip-flops 
change state from 011 to 100 or from 111 to 000. 


5. 8ns 
7. Initially, each flip-flop is reset. 
At CLK1: 
Jo = Ky = 1 Therefore Qp goes to a 1. 


J; = K,=0 _ Therefore Q, remains a 0. 


Box full 
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J, = K,=0 Therefore Q, remains a 0. CLK 


J; = K,;=0 Therefore Q; remains a 0. — 


| 
At CLK2: E tli a 
CEP Mimi eae 
Jo = Ko = | Therefore Oo goes toaQ. | | l Fig hy | | | itr lf l | | 
J, =K,=1 Therefore Q, goes toa 1. CET rf o | | | £2 tf @ ¢ Lid Ly 34 
| 
J, = K,=0 Therefore Q, remains a 0. ae SS 


J; = K,;=0 Therefore Q; remains a 0. : ; 


At CLK3: | a ae a ee | | a ae oe: ! oe 
1 | 
Jo =Ky=1 Therefore Qo goes to a 1. 2 a Po ae So 
J, =K,=0 Therefore Q, remains a 1. xm i §« vo ee a 
| 


J, = K,=0 Therefore Q, remains a 0. o Pt | = foot of, Yeek bt 4 4 


J,=K,=0 _ Therefore Q; remains a 0. t J 


A continuation of this procedure for the next seven clock 
pulses will show that the counter progresses through the 
BCD sequence. 


9. See Figure P—59. 

11. See Figure P—60. ee “LILIL LU UL UU LULL Li 
: | | | 

13. See Figure P-61. aa — rh G ORS 4 | : 

15. The sequence is 0000, 1111, 1110, 1101, 1010, 0101. The F pid ErRie 1 


bt | Py ia 
counter “locks up” in the 1010 and 0101 states and alternates ge ot ra a OT LE 
between them. CED crm ee ! 
LOAD _| Slit tr aitkial a Le ty ae aha 
| | | | 
| | | | 


| | | | | : A FIGURE P-61 


17. See Figure P-62. 
i Eee ee ire Le Se os ee DED. 19. See Figure P-63. 


» FIGURE P-62 
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to 
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4 FIGURE P-63 
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>» FIGURE P-64 
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100 kHz 





CYEN  \1C 





CTR DIV10 


Q Oo Oo 
QO, Q; 2 
Q Q> Q 
O3 Qs or 
(MSB) (MSB) (MSB) 


(a) (b) (c) 


& FIGURE P-65 


21. 


2D. 


25. 


27. 


29. 


aL. 
ao: 


a7. 
> 
41. 


43. 
45. 


47. 


See Figure P—64 for divide-by-10,000. Add one more DIV 10 
counter to create a divide-by-100,000. 
See Figure P-65. 


CLK2, output 0; CLK4, outputs 2, 0; CLK6, output 4; CLK8, 
outputs 6, 4, 0; CLK10, output 8; CLK12, outputs 10, 8; 
CLK14, output 12; CLK16, outputs 14, 12, 8 

A glitch of the AND gate output occurs on the 111 to 000 
transition. Eliminate by ANDing CLK with counter outputs 





(strobe) or use Gray code. 

Hours tens: 0001 

Hours units: 0010 

Minutes tens: 0000 

Minutes units: 0001 

Seconds tens: 0000 

Seconds units: 0010 

64 

(a) Q, and Q, will not change from their initial state. 
(b) normal operation except Qp floating 

(c) Qy waveform is normal; Q, remains in initial state. 
(d) normal operation 

(e) The counter will not change from its initial state. 


The K input of FF1 must be connected to ground rather than 
to the J input. Check for a wiring error. 

Qy input to AND gate open and acting as a HIGH 

See Table P-10. 

The decode 6 gate interprets count 4 as a 6 (0110) and clears 
the counter back to O (actually 0010 since Q, is open). The 


apparent sequence of the tens portion of the counter is 0010, 
0011, 0010, 0011, 0110. 


See Figure P—66. 


Increase the RexrCpx7 time constant of the 25 s one-shot by 
2.4 times. 


See Figure P-67. 


CTEN 






CTR DIV10 


STAGE 


~-R RR RWWHWHNHNNHRK KR Se 





TC 





CTEN >.1C 


CTR DIV10 








(MSB) 
(d) 


Vv TABLE P-10 


| @Y.4D) =D) 
COUNT 


OPEN 





63Cl 
63C2 
63C4 
63C8 
63D0 
63E0 
63C0 
63CO 
63CO 
63C0 
67CO 
6BCO 
73C0 
63C0 
63C0 


(ON FoHnrovnnHK own 


0 
T. 


& FIGURE P-66 





CTEN 
CTR DIV10 


L383 KZ 


100 Hz 





ic 








fout 


250.006 Hz 
250.012 Hz 
250.025 Hz 
250.050 Hz 
250.100 Hz 
250.200 Hz 
250 Hz 
250 Hz 
250 Hz 
250 Hz 
256.568 Hz 
263.491 Hz 
219.920 Hz 
250 Hz 
250 Hz 








a 


FIGURE P-67 


49. See Figure P-68. 
51. See Figure P—69. 
53. See Figure P—70. 


» FIGURE P-68 


Latch 


D/U 






& FIGURE P-69 


» FIGURE P-70 





CTR DIV 10 
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ENP D3 Dy D, Do 
ENT 






T4HC161 





55. Q output of U3 open 
57. Pin A of G3 open 
59. Pin 9 open 


Hours CTR Minutes CTR 


ED ES 
= nd = dl 
[>> Ee 


- S 





+V 





Preset 


switches 
Hrs. 
ae) Normal ak 
Min. 
Hrs. 
-¢ Normal 
Min 





For 3000-space counter, add the following: 
| 
: D/U 





RCO CTR DIV 3 
MAX/MIN 2 re 
thousands 


CTR 


CTR DIV 10 CTR DIV 10 





Decode 3 (HIGH 
activates 

full sign and 

Ip lowers gate.) 





CLK 
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CLES: 011100001010 
CLK9: 001110000101 
CLK10: 000111000010 
CLEII: 100011100001 
CLK12: 110001110000 
7. See Figure P—72. 
9. See Figure P—73. 
11. See Figure P—74. 
13. See Figure P—75. 
15. See Figure P—76. 
17. See Figure P—77. 





Chapter 9 

1. Shift registers store binary data. 

3. See Figure P-71. 

5. Initially: | 101001111000 
CLEY 010100111100 
CLK2: 001010011110 
CLES: 000101001111 
CLK4: 000010100111 
CLKS: 100001010011 
CLK6: 110000101001 
CLE: 111000010100 


» FIGURE P-71 Hee Ln 


» FIGURE P-72 { 2:3 445 &@ F 8 9 (0 Hh 12 13 14 15 16 1 18 19:90 


; | | | 
Data in | | | 


Data out | 


» FIGURE P-73 12345 6 7 8 & 10 11 12 13 14 15 16 17 18 19 26 
— CLK 


b ESURE BFS ok SLL LPL LL 
| 


Q; through Q, remain LOW. 
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P FIGURE P-750 0 CLK TiLhPL_BLGL_LGLG6LiiLis_L\JoLfo_InLinL_fal_fa 



















SRG 4 SRG 4 


sH/LD~ 1 |_! ey i! sf) TP 
| | T4HC 194 74HC194 





» FIGURE P-76 cLK _MLJ2L/3L/4_is_jeL_I7L_Js_JoL fol fil fal fi3l_fi4 
| | | | | | | l l l l | l | 
= | l 
SH/LD | | | | | | | | | | l 
| | | l | | | | l l | | | l 
| | | | | | | | l l l l | l 
SER ~ 1 | | l | | | l l | | l 
l | l | l l l 
| | l | | | | | | l l l | l 
oven _| | | | | | l | | | | | 
| | 
| | 
QO; 
CLK OJILI2LISLI4LISLi6slLj7Ljstjotio DD. BD, 0, DD, DD, 
toi 144!) | ttt 
J | l l l | l 1 | 
| | l l | l l | | || 
=) l | l | — 
Foil; | | +key CLR 
| | | | | | al § 
l l l l 1 | 




















CLR rr 4 rd 
Po 4 oe i i Me Mh ot aT SL SER 
me Oo 
pat tt a tlh GE 
a a ae Ean eet wale 
| | | | | | 
D>» ee os es ee ee ee 
a ee pia = A FIGURE P-78 
| 
2 ee ae ae 
Op _. 1 | 
aa | — | | | F sie sae 
| | ee ! | | | Q, ros 6 & £F F f 4 
i nee as a 2 et @ Ff F F fF | 4 | 
ee 2, a ee ee ee ee. 
yo eh | 0, a a a ne 
fof & Ff ss YY 
A FIGURE P-77 (eS EEE 
0, —_ eee 
19. Initially (76): 01001100 3, {ane 
CLK1: 10011000 left : — me 
CLRY: 01001100 right | | | 
ee ek Sen ee ee 
CLES: 00100110 right - — 7 
: a ee eee ee pea Mer ee 
CLK4: 00010011 right | 
a a 
CLES 00100110 left 
CLK6: 01001100 left 4& FIGURE P-79 
LE. 00100110 right 
CLK8: 01001100 left 25. See Figure P-79. 
CLK9: 00100110 right 27. See Figure P-80 on page 850. 
CLK10: 01001100 left 29. An incorrect code may be produced. 
CLK11: 10011000 left 31. D; input open 
21. See Figure P—78. 33. (a) No clock at switch closure because of faulty NAND 


23. (a) 3 (b) 5 (c) 7 (d) 8 (negative-OR) gate or one-shot; open clock (C) input 
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SH/LD 


SRG 4 SRG 4 


z 
K 
74HC195 74HC195 


Z 
K 





4 FIGURE P-80 


to key code register; open SH/LD input to key code 39. Control flip-flop: 7476 
register Clock generator: 555 

(b) Diode in third row open; Q, output of ring counter open Counter: 74LS 163 

(c) The NAND (negative-OR) gate input connected to the Data input register: 74LS164 
first column is open or shorted. Data output register: 74LS199 

(d) The “2” input to the column encoder is open. One-shot: 74121 

35. (a) Contents of data output register remain constant. 41. See Figure P-81. 

(b) Contents of both registers do not change. 43. See Figure P-82. 

(c) Third stage output of data output register remains HIGH. 45. CLK input of U3 open 

(d) Clock generator is disabled after each pulse by the flip- 47. Pin 14 open 


flop being continuously SET and then RESET. 
37. shift register A: 1001 
shift register C: 00000100 


49. CLK input of U6 open 


>» FIGURE P-81 Data bits 


TS 
D, DD, D, D. D, D, 





SH/LD 
Start bit 







vy... Stop bits Dy 


SRG 8 
T4LS 195 





Q, 


CLK 


» FIGURE P-82 


Power-on SET 





Chapter 10 


11. 


(a) ROM (b) RAM 


Address bus provides for transfer of address code to memory 
for accessing any memory location in any order for a read or 
write operation. Data bus provides for transfer of data 
between the microprocessor and the memory or I/O. 


Bit 0 Bit | Bit 2 Bit 3 
Row 0 l 0 0 0 
Row 1 0 0 0 0 
Row 2 0 0 ] 0 
Row 3 0 0 0 0 


512 rows Xx 128 8-bit columns 


A SRAM stores bits in flip-flops indefinitely as long as 
power is applied. A DRAM stores bits in capacitors that must 
be refreshed periodically to retain the data. 


See Table P—11. 


VY TABLE P-11 


INPUTS 
A; Ao O3 


[= eco 
Fe ree a 


13. 


OUTPUTS 





eS ee et ies 





See Figure P-83. 


0 
] 
2 
3 
4 
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iy 
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4 FIGURE P-83 


15. 


17. 


19, 


Blown links: 1-17, 19-23, 25-31, 34, 37, 38, 40-47, 53, 55, 
58, 61, 62, 63, 65, 67, 69 

Use eight 16k x 4 DRAMs with sixteen address lines. Two of 
the address lines are decoded to enable the selected memory 
chips. Four data lines go to each chip. 


8 bits, 64k words; 4 bits, 256k words 
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21. 


23. 


25. 


27. 
29. 
31. 
ao. 


35. 


851 


lowest address: FCOj¢ 

highest address: FFF j,¢ 

A hard disk is formatted into tracks and sectors. Each track is 
divided into a number of sectors with each sector of a track 
having a physical address. Hard disks typically have from a 
few hundred to a few thousand tracks. 


Magnetic tape has a longer access time than disk because 
data must be accessed sequentially rather than randomly. 


Checksum content is in error. 


(a) ROM 2 (b) ROM 1 (c) All ROMs 
10 
PROM will retain code when power is off. The code in 


PROM cannot be readily changed unless it is an EEPROM. 


To accommodate a 5-bit entry code, shift register C must be 
loaded with five Os instead of four. The HIGH (1) must be 
moved left one place on the parallel inputs. 


Chapter 117 


oe 


7. (a) ABCD 


X = ABC + ABC + ABC 
(a) PALI6L2 is a programmable array logic device with 
16 inputs and two active-LOW outputs. 


(b) PAL12H6 is a programmable array logic device with 
12 inputs and 6 active-HIGH outputs. 


. ACPLD basically consists of multiple SPLDs that can be 


connected with a programmable interconnect array. 


(b) ABC(D + E) = ABCD + ABCE 


9, X =AB+AB 


it, 


3. 
15, 
a. 
19. 
21. 


X, = ABCD + ABCD + ABCD; 
X, = ABCD + ABCD + ABCD + ABCD 


(a) Combinational; | (b) Registered; 0 

(b) GCKI1 (c) 0 (d) 0 

SOP output = A BC + A BC + ABC + ABC + ABC 
LUT for combinational logic, adder logic, and register logic 
See Figure P—84. 


(a) Registered 


6-input 
LUT 


2-input 
LUT 


A FIGURE P-84 


23. See Figure P-85 on page 852. 
25. One slice 
27. See Figure P—86. 
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hm FIGURE P-85 


(b) 
4 FIGURE P-86 


29. See Figure P-87. 


» FIGURE P-87 


A7A¢AsAgA34 4 A0 B,B¢B;B,B3B>B Bo 
af We A7zA¢gA5A4A342A Ap 
r + B>B,BsB4B3B>B, By 
a MUX & MUX 
A3A,A,Ap B;B 5B, Bp 
ees ae {age 
B 
LUT Dl | B LUT Dot | 
B, 
je MUX (i MUX 
OOF A ¢ 
Bs 
LUT [>° a Be LUT = Ba ln 
37 ; 
| Vec 2 eve 
AvAg AsAy Slice 1 B+Be BsBy Slice 2 
31. Shift input = 1, data are applied to SDI, go through the 
MUX, and are clocked into Capture register A on the leading 
X 


edge of the clock pulse. From the output of Capture register 


A, the data go through the upper MUX and are clocked into 
Capture register B on the trailing edge of the clock pulse. 

33. PDI/O = 0 and OE = 0. The data are applied to the input pin 
and go through the selected MUX to the internal 
programmable logic. 


35. 000011001010001111011 


0 
| 
3 
6 
12 
9 


10 


| Waveform Editor 


| Name: | 14S oe 


mA 
= B 


000011001010001111011 
000011001010001111011 
00001 1001010001111011 
0000 | 1001010001111011 
0000! !OO01010001111011 
00001 1001010001111011 
00001100 LO10001111011 
000011001010001111011 
00001100!1010001111011 
000011001010001111011 





cy 


8 0000110010 10001111011 
1 000011001010001111011 
3 = =000011001010001 111011 
7  000011001010001111011 
15 000011001010001 111011 
14 00001100101000111 1011 
13, 00001100101000111 1011 
11 00001100101000111 101! 


The D input to the logic is faulty or not connected. 


Chapter 12 
1. CPU, memory, I/O ports, buses 


A bus is a set of connections and electrical specifications for 
moving information in a computer. 


5. ALU, instruction decoder, register array, and control unit 


7. Address bus, data bus, and control bus 


9. Fetch, decode, execute 


11. 
13. 


15. 
7. 


CS, DS, SS,.ES,. FS, GS 


AH and AL are 8-bit registers and represent the high and low 
part of the 16-bit AX register. The EAX is a 32-bit register 
which includes the AX register as the lower 16 bits. 


Pairing allows two instructions to execute at the same time. 
See Figure P-88. 


Initialize TOTAL 
to zero 


No 

Add NUM 

to TOTAL 
Increment NUM 
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19. 


21. 


23. 
25. 


When the instruction mov ax, [bx] is executed, the word in 
memory pointed to by the bx register is copied to the ax 
register. 


In a polled I/O, the CPU polls each device in turn to see if it 
needs service; in an interrupt-driven system, the peripheral 
device signals the CPU when it requires service. 


A program instruction that invokes an interrupt service routine. 


The CPU is bypassed in DMA. 
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27. 


Enable B 
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See Figure P-89. 
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Bus 


A FIGURE P-89 


29. 


31. 


33. 


35. 
EE 


The local bus is the collection of buses interfacing directly 
with the processor. The PCI bus is used for expansion devices 
and is connected to the local bus through a bus controller. 
The PCI bus is a 33- or 66 MHz, 32- or 66-bit expansion bus. 
The ISA bus is an 8.33 MHz, 8- or 16-bit expansion bus. 
DCE stands for data communications equipment, such 

as a modem. DTE stands for data terminal equipment, 

such as a computer. Both acronyms are associated with 

the RS-232/EIA-232 standard. 

SiX 

A controller is sending data to two listeners. The first two 
bytes of data (3F and 41) go the listener with address OOIA. 
The second two bytes go to the listener with address OO1B. 
The handshaking signals (DAV, NRFD, and NDAC) indicate 
the data transfer is successful. See Figure P—90. 


Controller Listener Listener 
talker 001A mae 


Data bus 





GPIB Interface management bus 


Transter bus 


4 FIGURE P-90 


Chapter 13 


1. 


An analog-to-digital converter converts an analog signal to a 
digital code. 


A digital-to-analog converter changes a digital code to the 
corresponding analog signal. 


See Figure P—91 on page 854. 
1000, 1110, 1011, 0100, 0001, 0111, 1110, 1011, 0100. 


9. See Figure P—92. 


11. 
13. 


15. 
17. 


330 kQ 


000, 001, 100, 110, 101, 100, 011, 010, 001, 001, 011, 110, 
HY, TL, LEAL TAL, 4,211, 111, 100 


See Table P—12. 
8000 MB/s 
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19. 1,000,000,000 


21. Instruction dispatch (DP): Instruction packets are split into 
execute packets and assigned to functional units; Instruction 
decode (DC): Instructions are decoded. 


23. See Figure P—93. 
25. (a) 14.3% (b) 0.098% (c) 0.00038% 
27. See Figure P—94. 
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Chapter 14 
1. No; Vorminy < Vircnin) 
3. 0.15 V in HIGH state; 0.25 V in LOW state. 
5. ‘GaterC Ts 12s 
9. Gate C 11. Yes, G, 
13. (a) on (b) off 
(c) off (d) on 


15. See Figure P—95 for one possible circuit. 


74HC125 (Tristate) 
D, 
G 
dD, 
G3 
D; 
G; 
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17. 


19. 


21. 
23. 


25. 
27. 


29. 


(a) HIGH (b) Floating 
(c) HIGH (d) High-Z 
(a) LOW (b) LOW 
See Figure P—96. 
(a) R, = 198 
(b) R, = 198 Q 
(c) R, = 198 Q 
ALVC 
(a) A, Bto X: 9.9 ns 
C, D to X: 6.6 ns 
(b) A to X,, X>, X;: 14 ns 
B to X,: 7 ns 
C to X,: 7 ns 
D to X3; 7 ns 
(c) Ato X: 11.1 ns 
Bto X: 11.1 ns 
C to X: 7.4.ns 
D to X: 7.4 ns 
ECL operates with nonsaturated BJTs. 


(c) LOW 
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acceptor A receiving device on a bus. 


access time The time from the application of a valid memory ad- 
dress to the appearance of valid output data. 


addend In addition, the number that is added to another number 
called the augend. 


adder A logic circuit used to add two binary numbers. 


address The location of a given storage cell or group of cells ina 
memory; a unique memory location containing one byte. 


address bus A one-way group of conductors from the micro- 
processor to a memory, or other external device, on which the ad- 
dress code is sent. 


adjacency Characteristic of cells in a Karnaugh map in which 
there is a single-variable change from one cell to another cell next 
to it on any of its four sides. 


aliasing The effect created when a signal is sampled at less than 
twice the signal frequency. Aliasing creates unwanted frequencies 
that interfere with the signal frequency. 


alphanumeric Consisting of numerals, letters, and other 
characters. 


ALU Arithmetic logic unit; the key processing element of a mi- 
croprocessor that performs arithmetic and logic operations. 


amplitude In a pulse waveform, the height or maximum value of 
the pulse as measured from its low level. 


analog Being continuous or having continuous values, as opposed 
to having a set of discrete values. 


analog-to-digital (A/D) conversion The process of converting an 
analog signal to digital form. 

analog-to-digital converter (ADC) A device used to convert an 
analog signal to a sequence of digital codes. 


AND A basic logic operation in which a true (HIGH) output 
occurs only when all the input conditions are true (HIGH). 


AND array An array of AND gates consisting of a matrix of pro- 
grammable interconnections. 


AND gate A logic gate that produces a HIGH output only when 
all of the inputs are HIGH. 


ANSI American National Standards Institute. 


antifuse A type of PLD nonvolatile programmable link that can 
be left open or can be shorted once as directed by the program. 


architecture The VHDL unit that describes the internal operation 
of a logic function; the internal functional arrangement of the ele- 
ments that give a device its particular operating characteristics. 


array In a PLD, a matrix formed by rows of product-term lines 
and columns of input lines with a programmable cell at each junc- 
tion. In VHDL, an array is an ordered set of individual items 
called elements with a single identifier name. 


ASCII American Standard Code for Information Interchange; the 
most widely used alphanumeric code. 


assembler A program that converts English-like mnemonics into 
machine code. 
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assembly language A programming language that uses English- 
like words and has a one-to-one correspondence to machine lan- 
guage. 

associative law In addition (ORing) and multiplication (ANDing) 
of three or more variables, the order in which the variables are 
grouped makes no difference. 


astable Having no stable state. An astable multivibrator oscillates 
between two quasi-stable states. 


asynchronous Having no fixed time relationship; not occurring at 
the same time. 


asynchronous counter A type of counter in which each stage is 
clocked from the output of the preceding stage. 


augend In addition, the number to which the addend is added. 


base One of the three regions in a bipolar junction transistor. 
base address The beginning address of a segment of memory. 


BCD Binary coded decimal; a digital code in which each of the 
decimal digits, 0 through 9, is represented by a group of four bits. 


BEDO DRAM Burst extended data output dynamic random- 
access Memory. 


bed-of-nails A method for the automated testing of printed circuit 
boards in which the board is mounted on a fixture that resembles a 
bed of nails that makes contact with test points. 


bidirectional Having two directions. In a bidirectional shift regis- 
ter, the stored data can be shifted right or left. 


binary Having two values or states; describes a number system 
that has a base of two and utilizes | and 0 as its digits. 


BIOS Basic input/output system; a set of programs in ROM that 
interfaces the I/O devices in a computer system. 


bipolar Having two opposite charge carriers within the transistor 
structure. 


bistable Having two stable states. Flip-flops and latches are 
bistable multivibrators. 


bit A binary digit, which can be either a 1 or 0. 
bitstream A series of bits describing a final design that is sent to 
the target device during programming. 


bit time The interval of time occupied by a single bit in a se- 
quence of bits; the period of the clock. 


BIU Bus interface unit; the portion of the CPU that interfaces with 
the system buses and fetches instructions, reads operands, and 
writes results. 


BJT Bipolar junction transistor; a semiconductor device used for 
switching or amplification. A BJT has two junctions, the base- 
emitter junction and the base-collector junction. 


Boolean addition In Boolean algebra, the OR operation. 
Boolean algebra The mathematics of logic circuits. 


Boolean expression An expression of variables and operators 
used to express the operation of a logic circuit. 


Boolean multiplication In Boolean algebra, the AND operation. 


boundary scan A method for internally testing a PLD based on 
the JTAG standard (IEEE Std. 1149.1). 


buffer A circuit that prevents loading of an input or output. 


bus A set of interconnections that interface one or more devices 
based on a standardized specification. 


bus arbitration The process that prevents two sources from using 
a bus at the same time. 


bus contention An adverse condition that could occur if two or 
more devices try to communicate at the same time on a bus. 


byte A group of eight bits. 


cache memory A relatively small, high-speed memory that stores 
the most recently used instructions or data from the larger but 
slower main memory. 

capacity The total number of data units (bits, nibbles, bytes, 
words) that a memory can store. 


carry The digit generated when the sum of two binary digits ex- 
ceeds I. 

carry generation The process of producing an output carry in a 
full-adder when both input bits are Is. 


carry propagation The process of rippling an input carry to be- 
come the output carry in a full-adder when either or both of the in- 
put bits are 1s and the input carry is a 1. 


cascade To connect “end-to-end” as when several counters are 
connected from the terminal count output of one counter to the en- 
able input of the next counter. 


cascading Connecting the output of one device to the input of a 
similar device, allowing one device to drive another in order to ex- 
pand the operational capability. 


CCD Charge-coupled device; a type of semiconductor memory that 
stores data in the form of charge packets and is serially accessed. 


CD-R CD-Recordable; an optical disk storage device on which 
data can be stored once. 


CD-ROM An optical disk storage device on which data are pre- 
stored and can only be read. 


CD-RW CD-Rewritable; an optical disk storage on which data 
can be written and overwritten many times. 


cell An area on a Karnaugh map that represents a unique combi- 
nation of variables in product form; a single storage element in a 
memory; a fused cross point of a row and column in a PLD; a sin- 
gle storage element in a memory. 


character A symbol, letter, or numeral. 


circuit An arrangement of electrical and/or electronic compo- 
nents interconnected in such a way as to perform a specified 
function. 


CLB Configurable logic block; a unit of logic in an FPGA that is 
made up of multiple smaller logic modules and a local program- 
mable interconntect that is used to connect logic modules within 
the LB. 


clear An asynchronous input used to reset a flip-flop (make the O 
output 0); to place a register or counter in the state in which it 
contains all Os. 

clock The basic timing signal in a digital system; a periodic wave- 
form in which the interval between pulses equals the time for one 
bit; the triggering input of a flip-flop. 
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CMOS Complementary metal oxide semiconductor; a class of in- 
tegrated logic circuits that is implemented with a type of field- 
effect transistor. 


code A set of bits arranged in a unique pattern and used to repre- 
sent such information as numbers, letters, and other symbols; in 
VHDL, program statements. 


codec A combined coder and decoder. 
collector One of the three regions in a bipolar transistor. 


combinational logic A combination of logic gates interconnected 
to produce a specified Boolean function with no storage or mem- 
ory capability; sometimes called combinatorial logic. 


commutative law In addition (ORing) and multiplication (AND- 
ing) of two variables, the order in which the variables are ORed or 
ANDed makes no difference. 


comparator A digital circuit that compares the magnitudes of two 
quantities and produces an output indicating the relationship of 
the quantities. 


compiler An application program in development software pack- 
ages that controls the design flow process and translates source 
code into object code in a format that can be logically tested or 
downloaded to a target device. 


complement The inverse or opposite of a number; in Boolean al- 
gebra, the inverse function, expressed with a bar over the variable. 
The complement of a | is a 0, and vice versa. 


component A VHDL feature that can be used to predefine the 
logic function for multiple use throughout a program or programs. 


contiguous Joined together. 


control bus A set of conductive paths that connects the CPU to 
other parts of the computer to coordinate its operations and to 
communicate with external devices. 


controller An instrument that can specify each of the other instru- 
ments on the bus as either a talker or a listener for the purpose of 
data transfer. 

control unit The portion within the microprocessor that provides 
the timing and control signals for getting data into and out of the 
microprocessor and for synchronizing the execution of instruc- 
tions. 

counter A digital circuit capable of counting electronic events, 
such as pulses, by progressing through a sequence of binary states. 
CPLD A complex programmable logic device that consists 
basically of multiple SPLD arrays with programmable 
interconnections. 

CPU Central processing unit; the main part of a computer respon- 
sible for control and processing of data; the core of a DSP that 
processes the program instructions. 

cross-assembler A program that translates an assembly language 
program for one type of microprocessor to an assembly language 
for another type of microprocessor. 

current sinking The action of a circuit in which it accepts current 
into its output from a load. 

current sourcing The action of a circuit in which it sends current 
out of its output and into a load. 


DAT Digital audio tape; a type of magnetic tape format. 


data Information in numeric, alphabetic, or other form. 
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data bus A bidirectional set of conductive paths on which 
data or instruction codes are transferred into a microprocessor 
or on which the result of an operation is sent out from the 
microprocessor. 


data selector A circuit that selects data from several inputs one at 
a time in a sequence and places them on the output; also called a 
multiplexer. 


data sheet A document that specifies parameter values and oper- 
ating conditions for an integrated circuit or other device. 


DCE Data communications equipment. 


Debug A code within DOS that allows various operations on files 
and includes a primitive assembler; to eliminate a problem in 
hardware or software. 


decade Characterized by ten states or values. 
decade counter A digital counter having ten states. 
decimal Describes a number system with a base of ten. 


decode A stage of the DSP pipeline operation in which instruc- 
tions are assigned to functional units and are decoded. 


decoder A digital circuit (device) that converts coded information 
into another (familiar) or noncoded form. 


decrement To decrease the binary state of a counter by one. 


delta modulation A method of analog-to-digital conversion using 
a |-bit quantization process. 


design flow The process or sequence of operations carried out to 
program a target device. 


D flip-flop A type of bistable multivibrator in which the output 
assumes the state of the D input on the triggering edge of a clock 
pulse. 


demultiplexer (demux) A circuit (digital device) that switches 
digital data from one input line to several output lines in a speci- 
fied time sequence. 


dependency notation A notational system for logic symbols that 
specifies input and output relationships, thus fully defining a given 
function; an integral part of ANSI/IEEE Std. 91-1984. 


difference The result of a subtraction. 
digit A symbol used to express a quantity. 


digital Related to digits or discrete quantities; having a set of dis- 
crete values as opposed to continuous values. 


digital-to-analog (D/A) conversion The process of converting a 
sequence of digital codes to an analog form. 

digital-to-analog converter (DAC) A device in which informa- 
tion in digital form is converted to analog form. 

DIMM Dual in-line memory module. 


diode A semiconductor device that conducts current in only one 
direction. 


DIP Dual in-line package; a type of IC package whose leads must 
pass through holes to the other side of a PC board. 


distributive law The law that states that ORing several variables 
and then ANDing the result with a single variable is equivalent to 
ANDing the single variable with each of the several variables and 
then ORing the product. 


dividend In a division operation, the quantity that is being divided. 


divisor In a division operation, the quantity that is divided into the 
dividend. 


DLT Digital linear tape; a type of magnetic tape format. 


DMA Direct memory access; a method to directly interface a pe- 
ripheral device to memory without using the CPU for control. 


domain All of the variables in a Boolean expression. 


‘Don’t care” A combination of input literals that cannot occur 
and can be used as a | or aQ on a Karnaugh map for 
simplification. 


downloading A design flow process in which the logic design is 
transferred from software to hardware. 


drain One of the terminals of a field-effect transistor. 
DRAM Dynamic random-access memory; a type of semiconduc- 


tor memory that uses capacitors as the storage elements and is a 
volatile, read/write memory. 


DSP Digital signal processor; a special type of microprocessor 
that processes data in real time. 


DSP core The central processing unit of a digital system 
processor. 


DTE Data terminal equipment. 


duty cycle The ratio of pulse width to period expressed as a per- 
centage. 


DVD-ROM Digital versatile disk-ROM; also known as digital 
video disk-ROM; a type of optical storage device on which data is 
prestored with a much higher capacity than a CD-ROM. 


dynamic memory A type of semiconductor memory having ca- 
pacitive storage cells that lose stored data over a period of time 
and, therefore, must be refreshed. 


ECL Emitter-coupled logic; a class of integrated logic circuits that 
are implemented with nonsaturating bipolar junction transistors. 


E*CMOS Electrically erasable CMOS (EECMOS); the circuit 
technology used for the reprogrammable cells in a PLD. 
edge-triggered flip-flop A type of flip-flop in which the data are 
entered and appear on the output on the same clock edge. 


EDIF Electronic design interchange format; a standard form of netlist. 


EDO DRAM Extended data output dynamic random-access 
memory. 


EEPROM Electrically erasable programmable read-only mem- 
ory; a type of nonvolatile PLD programmable link based on elec- 
trically-erasable programmable read-only memory cells and can 
be turned on or off repeatedly by programming. 


emitter One of the three regions in a bipolar junction transistor. 


enable To activate or put into an operational mode; an input on a 
logic circuit that enables its operation. 


encoder A digital circuit (device) that converts information to a 
coded form. 


entity The VHDL unit that describes the inputs and outputs of a 
logic function. 


EPROM Erasable programmable read-only memory; A type 
of PLD nonvolatile programmable link based on electrically 
programmable read-only memory cells and can be turned either 
on or off once with programming. 


error detection The process of detecting bit errors in a digital 
code. 

EU Execution unit; the portion of a CPU that executes instruc- 
tions; it contains the arithmetic logic unit (ALU), the general 
registers, and the flags. 

even parity The condition of having an even number of Is in 
every group of bits. 

exclusive-NOR (XNOR)gate A logic gate that produces a LOW 
only when the two inputs are at opposite levels. 

exclusive-OR (XOR) A basic logic operation in which a HIGH 
occurs when the two inputs are at opposite levels. 


exclusive-OR (XOR) gate A logic gate that produces a HIGH 
only when the two inputs are at opposite levels. 


execute A CPU process in which an instruction is carried out; a 
stage of the DSP pipeline operation in which the decoded instruc- 
tions are carried out. 


exponent The part of a floating-point number that represents the 
number of places that the decimal point (or binary point) is to be 
moved. 


fall time The time interval between the 90% point and the 10% 
point on the negative-going edge of a pulse. 


fan-out The number of equivalent gate inputs of the same family 
series that a logic gate can drive. 


feedback The output voltage or a portion of it that is connected 
back to the input of a circuit. 


FET Field-effect transistor. 


fetch A CPU process in which an instruction is obtained from the 
memory; a stage of the DSP pipeline operation in which an in- 
struction is obtained from the program memory. 


fifo First in—first out memory. 
FireWire The IEEE-1394 standard serial bus. 


fitter tool A compiler software tool that selects the optimum in- 
terconnections, pin assignments, and logic cell assignments to fit a 
design into the selected target device. 


flag A bit that indicates the result of an arithmetic or logic opera- 
tion or is used to alter an operation. 


flash ADC A simultaneous analog-to-digital converter. 


flash memory A nonvolatile read/write random-access semicon- 
ductor memory in which data is stored as charge on the floating 
gate of a certain FET. 


flip-flop A basic storage circuit that can store only one bit at a 
time; a synchronous bistable device. 


floating-point number A number representation based on scien- 
tific notation in which the number consists of an exponent and a 
mantissa. 


floppy disk A magnetic storage device; a flexible disk with a di- 
ameter of 3.5 inches and a storage capacity of 1.44 MB encased in 
a rigid plastic housing. 

flying probe A method for the automated testing of printed circuit 
boards, in which a probe or probes move from place to place to 
contact test points. 


forward bias A voltage polarity condition that allows a semicon- 
ductor pn junction in a transistor or diode to conduct current. 
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FPGA Field programmable gate array; a programmable logic de- 
vice that uses the LUT as the basic logic elements and generally 
employs either antifuse or SRAM-based process technology. 


FPM DRAM Fast page mode dynamic random-access memory. 


frequency (f) The number of pulses in one second for a periodic 
waveform. The unit of frequency is the hertz. 


full-adder A digital circuit that adds two bits and an input carry to 
produce a sum and an output carry. 


functional simulation A software process that tests the logical or 
functional operation of a design. 


fuse A type of PLD nonvolatile programmable link that can be left 
shorted or can be opened once as directed by the program; also 
called a fusible link. 


GAL Generic array logic; a reprogrammable type of SPLD that is 
similar to a PAL except that it uses a reprogrammable process 
technology, such as EEPROM (E* CMOS), instead of fuses. 

gate A logic circuit that performs a specified logic operation, such 
as AND or OR; one of the three terminals of a field-effect transistor. 
glitch A voltage or current spike of short duration, usually unin- 
tentionally produced and unwanted. 


graphic (schematic) entry A method of entering a logic design 
into software by graphically creating a logic diagram (schematic) 
on a design screen. 

GPIB General-purpose interface bus based on the IEEE 488 standard. 


Gray code An unweighted digital code characterized by a single 
bit change between adjacent code numbers in a sequence. 


half-adder A digital circuit that adds two bits and produces a sum 
and an output carry. It cannot handle input carries. 


Hamming code A type of error-correction code. 


handshaking The process of signal interchange by which two 
digital devices or systems jointly establish communication. 


hard core A fixed portion of logic in an FPGA that is put in by 
the manufacturer to provide a specific function. 


hard disk A magnetic disk storage device; typically, a stack of 
two or more rigid disks enclosed in a sealed housing. 


hardware The circuitry and physical components of a computer 
system (as opposed to the directions called software). 


HDL Hardware description language; a language used for de- 
scribing a logic design using software. 


hexadecimal Describes a number system with a base of 16. 


high-level language A type of computer language closest to hu- 
man language that is a level above assembly language. 


high-Z The high-impedance state of a tristate circuit in which the 
output is effectively disconnected from the rest of the circuit. 


hold time The time interval required for the control levels to re- 
main on the inputs to a flip-flop after the triggering edge of the 
clock in order to reliably activate the device. 


HPIB Hewlett-Packard interface bus; same as GPIB (general- 
purpose interface bus). 


hysteresis A characteristic of a threshold-triggered circuit, such as 
the Schmitt trigger, where the device turns on and off at different 
input levels. 
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IEEE Institute of Electrical and Electronics Engineers. 


IEEE 488 bus Same as GPIB (general-purpose interface bus); a 
standard parallel bus used widely for test and measurement inter- 
facing. 

IEEE 1394 A serial bus for high-speed data transfer; also known 
as FireWire. 

IL Integrated injection logic; an IC technology. 


Implementation The software process where the logic structures 
described by the netlist are mapped into the structure of the target 
device. 


increment To increase the binary state of a counter by one. 


input The signal or line going into a circuit; a signal that controls 
the operation of a circuit. 


input/output (I/O) A terminal of a device that can be used as ei- 
ther an input or as an output. 


instruction One step in a computer program; a unit of information 
that tells the CPU what to do. 


instruction pairing The process of combining certain independ- 
ent instructions so that they can be executed simultaneously by 
two separate execution units. 


integer A whole number. 


integrated circuit (IC) A type of circuit in which all of the com- 
ponents are integrated on a single chip of semiconductive material 
of very small size. 


intellectual property (IP) Designs owned by the manufacturer of 
programmable logic devices. 


interfacing The process of making two or more electronic devices 
or systems operationally compatible with each other so that they 
function properly together. 


interrupt A computer signal or instruction that causes the current 
process to be temporarily stopped while a service routine is run. 


inversion The conversion of a HIGH level to a LOW level or vice 
versa; also called complementation. 


inverter A NOT circuit; a circuit that changes a HIGH to a LOW 
or vice versa. 


I/O port Input/output port; the interface between an internal bus 
and a peripheral. 


IP Instruction pointer; a special register within the CPU that holds 
the offset address of the next instruction to be executed. 


ISA bus Industry standard architecture bus; an internal parallel 
bus standard. 


ISP In-system programming; a method for programming SPLDs 
after they are installed on a printed circuit board and operating in 
a system. 


Jaz cartridge A magnetic storage device; hard disks encased in 
a rigid plastic cartridge with storage capacities of 1 GB or 
a GB. 


J-K flip-flop A type of flip-flop that can operate in the SET, 
RESET, no-change, and toggle modes. 


Johnson counter A type of register in which a specific prestored 
pattern of Is and Os is shifted through the stages, creating a unique 
sequence of bit patterns. 


JTAG Joint test action group; the IEEE Std. 1149.1 standard in- 
terface for in-system programming. 


junction The boundary between an n region and a p region in a BJT. 


Karnaugh map An arrangement of cells representing the 
combinations of literals in a Boolean expression and used for a 
systematic simplification of the expression. 


LAB Logic array block; an SPLD array in a CPLD. 

latch A bistable digital circuit used for storing a bit. 

latency period The time it takes for the desired sector to spin un- 
der the head once the head is positioned over the desired track of a 
magnetic hard disk. 

LCCC Leadless ceramic chip carrier; an SMT package that has 
metallic contacts molded into its body. 

LCD Liquid crystal display. 

leading edge The first transition of a pulse. 

least significant bit (LSB) Generally, the right-most bit in a bi- 
nary whole number or code. 

LED Light-emitting diode. 

LIFO Last in—first out memory, memory stack. 


listener An instrument capable of receiving data on a GPIB 
(general-purpose interface bus). 


literal A variable or the complement of a variable. 
load To enter data into a shift register. 


local bus An internal bus that connects the microprocessor to the 
cache memory, the main memory, the coprocessor, and the PCI 
bus controller. 


local interconnect A set of lines that allows interconnections 
among the eight logic elements in a logic array block without us- 
ing the row and column interconnects. 


logic In digital electronics, the decision-making capability of gate 
circuits, in which a HIGH represents a true statement and a LOW 
represents a false one. 


logic array block (LAB) A group of macrocells that can be inter- 
connected with other LABs or to other I/Os using a programmable 
interconnect array; also called a function block. 


logic element The smallest section of logic in an FPGA that typi- 
cally contains an LUT, associated logic, and a flip-flop. 


look-ahead carry A method of binary addition whereby carries 
from preceding adder stages are anticipated, thus eliminating 
carry propagation delays. 


LSI Large-scale integration; a level of fixed-function IC complex- 
ity in which there are from more than 100 to 10,000 equivalent 
gates per chip. 

LUT Look-up table; a type of memory that can be programmed to 
produce SOP functions. 


machine code The basic binary instructions understood by the 
processor. 


machine language Computer instructions written in binary code 
that are understood by a computer; the lowest level of program- 
ming language. 


macrocell An SOP logic array with combinational and registered 
outputs; part of a PAL or GAL that generally consists of one OR 
gate and some associated output logic. Multiple interconnected 
macrocells form a CPLD. 

magneto-optical disk A storage device that uses electro- 
magnetism and a laser beam to read and write data. 


magnitude The size or value of a quantity. 
mantissa The magnitude of a floating-point number. 


memory array An array of memory cells arranged in rows and 
columns. 


MFLOPS Million floating-point operations per second. 


microprocessor A large-scale digital integrated circuit device that 
can be programmed with a series of instructions to perform speci- 
fied functions on data. 


minimization The process that results in an SOP or POS Boolean 
expression that contains the fewest possible terms with the fewest 
possible literals per term. 


minuend The number from which another number is subtracted. 
MIPS Million instructions per second. 
MMACS Million multiply/accumulates per second. 


mnemonic An English-like instruction that is converted by an as- 
sembler into a machine code for use by a processor. 


modem A modulator/demodulator for interfacing digital devices 
to analog transmission systems such as telephone lines. 


modulus The number of unique states through which a counter 
will sequence. 


monostable Having only one stable state. A monostable multivi- 
brator, commonly called a one-shot, produces a single pulse in re- 
sponse to a triggering input. 

monotonicity The characteristic of a DAC defined by the absence 
of any incorrect step reversals; one type of digital-to-analog 
linearity. 

MOS Metal-oxide semiconductor; a type of transistor technology. 
MOSFET Metal-oxide semiconductor field-effect transistor. 


most significant bit (MSB) The left-most bit in a binary whole 
number or code. 


MSI Medium-scale integration; a level of fixed-function IC com- 
plexity in which there are from 10 to 100 equivalent gates per chip. 


multiplexer (mux) A circuit (digital device) that switches digital 
data from several input lines onto a single output line in a speci- 
fied time sequence. 


multiplicand The number that is being multiplied by another 
number. 


multiplier The number that multiplies the multiplicand. 


multivibrator A class of digital circuits in which the output is 
connected back to the input (an arrangement called feedback) to 
produce either two stable states, one stable state, or no stable 
states, depending on the configuration. 


NAND gate A logic circuit in which a LOW output occurs only if 
all the inputs are HIGH. 
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negative-AND An equivalent NOR gate operation in which the 
HIGH is the active input when all inputs are LOW. 


negative-OR An equivalent NAND gate operation in which the 
HIGH is the active input when one or more of the inputs are LOW. 


netlist A detailed listing of information necessary to describe a 
circuit, such as types of elements, inputs, and outputs, and all in- 
terconnections. 


nibble A group of four bits. 
NMOS An n-channel metal-oxide semiconductor. 


node A common connection point in a circuit in which a gate out- 
put is connected to one or more gate inputs. 


noise immunity The ability of a circuit to reject unwanted 
signals. 


noise margin The difference between the maximum LOW output 
of a gate and the maximum acceptable LOW input of an equiva- 
lent gate; also, the difference between the minimum HIGH output 
of a gate and the minimum HIGH input of an equivalent gate. 


nonvolatile A term that describes a memory that can retain stored 
data when the power is removed. 


NOR gate A logic gate in which the output is LOW when any or 
all of the inputs are HIGH. 


NOT A basic logic operation that performs inversions. 
numeric Related to numbers. 
Nyquist frequency The highest signal frequency that can be sam- 


pled at a specified sampling frequency; a frequency equal to or 
less than half the sampling frequency. 


object program A machine language translation of a high-level 
source program. 


octal Describes a number system with a base of eight. 


odd parity The condition of having an odd number of Is in every 
group of bits. 


offset address The distance in number of bytes of a physical ad- 
dress from the base address. 


OLMC Output logic macrocell; the part of a GAL that can be 
programmed for either combinational or registered outputs; a 
block of logic in a GAL that contains a fixed OR gate and other 
logic for handling inputs and/or outputs. 


one-shot A monostable multivibrator. 


op code Operation code; the code representing a particular micro- 
processor instruction; a mnemonic. 


open-collector A type of output in a logic circuit in which the col- 
lector of the output transistor is left disconnected from any inter- 
nal circuitry and is available for external connection; normally 
used for driving higher-current or higher-voltage loads. 


operational amplifier (op-amp) A device with two differential 
inputs that has very high gain, very high input impedance, and 
very low output impedance. 


OR A basic logic operation in which a true (HIGH) output occurs 
when one or more of the input conditions are true (HIGH). 


OR gate A logic gate that produces a HIGH output when one or 
more inputs are HIGH. 
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oscillator An electronic circuit that is based on the principle of re- 
generative feedback and produces a repetitive output waveform; a 
signal source. 

OTP One-time programmable. 

output The signal or line coming out of a circuit. 


overflow The condition that occurs when the number of bits in a 
sum exceeds the number of bits in each of the numbers added. 


PAL Programmable array logic; a type of one-programmable 
SPLD that consists of a programmable array of AND gates that 
connects to a fixed array of OR gates. 

parallel In digital systems, data occurring simultaneously on sev- 
eral lines; the transfer or processing of several bits simultaneously. 
parity In relation to binary codes, the condition of evenness or 
oddness of the number of Is in a code group. 

parity bit A bit attached to each group of information bits to 
make the total number of Is odd or even for every group of bits. 
PCI bus Peripheral control interconnect bus; an internal parallel 
bus standard. 


period (7) The time required for a periodic waveform to repeat itself. 
periodic Describes a waveform that repeats itself at a fixed interval. 


peripheral A device or instrument that provides communication 
with a computer or provides auxiliary services or functions for the 
computer. 

physical address The actual location of a data unit in memory. 
PIC Programable interrupt controller; handles the interrupts on a 
priority basis. 

pipeline As applied to memories, an implementation that allows a 
read or write operation to be initiated before the previous opera- 


tion is completed; part of the DSP architecture that allows multi- 
ple instructions to be processed simultaneously. 


PLA Programmable logic array; an SPLD with programmable 
AND and OR arrays. 

platform FPGA An FPGA that contains either or both hard core 
and soft core embedded processors and other functions. 

PLCC Plastic leaded chip carrier; an SMT package whose leads 
are turned up under its body in a J-type shape. 

PLD Programmable logic device; an integrated circuit that can be 
programmed with any specified logic function. 

PMOS A p-channel metal-oxide semiconductor. 

pointer The contents of a register (or registers) that contain an ad- 
dress. 

polling The process of checking a series of peripheral devices to 
determine if any require service from the CPU. 

port A physical interface on a computer through which data are 
passed to or from peripherals. 

positive logic The system of representing a binary 1 with a HIGH 
and a binary 0 with a LOW. 


power dissipation The product of the dc supply voltage and the 
de supply current in an electronic circuit; the amount of power re- 
quired by a circuit. 


prefetching The process of executing instructions at the same 
time as other instructions are “fetched,” eliminating idle time; also 
called pipelining. 

preset An asynchronous input used to set a flip-flop (make the Q 
output 1). 

primitive A basic logic element such as a gate or flip-flop, 
input/output pins, ground, and Voc. 

priority encoder An encoder in which only the highest value in- 
put digit is encoded and any other active input is ignored. 

probe An accessory used to connect a voltage to the input of an 
oscilloscope or other instrument. 


product The result of a multiplication. 

product-of-sums (POS) A form of Boolean expression that is ba- 
sically the ANDing of ORed terms. 

product term The Boolean product of two or more literals equiv- 
alent to an AND operation. 

program A list of computer instructions arranged to achieve a 
specific result; software. 

programmable interconnect array (PIA) An array consisting of 
conductors that run throughout the CPLD chip and to which con- 
nections from the macrocells in each LAB can be made. 

PROM Programmable read-only semiconductor memory; an 


SPLD with a fixed AND array and programmable OR array; used 
as a memory device and normally not as a logic circuit device. 


propagation delay time The time interval between the occurrence 
of an input transition and the occurrence of the corresponding output 
transition in a logic circuit. 

pseudo-operation An instruction to the assembler (as opposed to 
a processor). 

pull-up resistor A resistor with one end connected to the dc sup- 
ply voltage used to keep a given point in a circuit HIGH when in 
the inactive state. 

pulse A sudden change from one level to another, followed after a 
time, called the pulse width, by a sudden change back to the origi- 
nal level. 

pulse width (¢,,) The time interval between the 50% points of the 
leading and trailing edges of the pulse; the duration of the pulse. 


QIC Quarter-inch cassette; a type of magnetic tape. 


quantization The process whereby a binary code is assigned to 
each sampled value during analog-to-digital conversion. 


queue A high-speed memory that stores instructions or data. 


quotient The result of a division. 


race A condition in a logic network in which the difference in 
propagation times through two or more signal paths in the 
network can produce an erroneous output. 

RAM Random-access memory; a volatile read/write semi- 
conductor memory. 

read The process of retrieving data from a memory. 


real mode Operation of an Intel processor in a manner to emulate 
the 8086’s 1 MB of memory. 


recycle To undergo transition (as in a counter) from the final or 
terminal state back to the initial state. 


refresh To renew the contents of a dynamic memory by recharg- 
ing the capacitor storage cells. 

register A digital circuit capable of storing and shifting binary in- 
formation; typically used as a temporary storage device. 

register array A set of temporary storage locations within the mi- 
croprocessor for keeping data and addresses that need to be ac- 
cessed quickly by the program. 


registered A CPLD macrocell output configuration where the out- 
put comes from a flip-flop. 

relocatable code A program that can be moved anywhere within 
the memory space without changing the basic code. 

remainder The amount left over after a division. 

RESET The state of a flip-flop or latch when the output is 0; the 
action of producing a RESET state. 

resolution The number of bits used in an ADC. 

reverse bias A voltage polarity condition that prevents a pn junc- 
tion of a transistor or diode from conducting current. 

ring counter A register in which a certain pattern of 1s and Os is 


continuously recirculated. 


ripple carry A method of binary addition in which the output 
carry from each adder becomes the input carry of the next higher- 
order adder. 


ripple counter An asynchronous counter. 


rise time The time required for the positive-going edge of a pulse 
to go from 10% of its full value to 90% of its full value. 


ROM Read-only semiconductor memory, accessed randomly; 
also referred to as mask-ROM. 


sampling The process of taking a sufficient number of discrete 
values at points on a waveform that will define the shape of the 
waveform. 


schematic (graphic) entry A method of placing a logic design 
into software using schematic symbols. 


Schottky A specific type of transistor-transistor logic circuit 
technology. 


SCSI Small computer system interface; an external parallel bus 
standard. 


SDRAM Synchronous dynamic random-access memory. 


seek time The time for the read/write head in a hard drive to posi- 
tion itself over the desired track for a read operation. 


segment A 64k block of memory. 


sequential circuit A digital circuit whose logic states follow a 
specified time sequence. 


serial Having one element following another, as in a serial trans- 
fer of bits; occurring, as pulses, in sequence rather than 
simultaneously. 


SET The state of a flip-flop or latch when the output is 1; the 
action of producing a SET state. 


set-up time The time interval required for the control levels to be 
on the inputs to a digital circuit, such as a flip-flop, prior to the 
triggering edge of clock pulse. 
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shift To move binary data from stage to stage within a shift regis- 
ter or other storage device or to move binary data into or out of the 
device. 


signal A type of VHDL object that holds data. 


signal tracing A troubleshooting technique in which waveforms 
are observed in a step-by-step manner beginning at the input and 
working toward the output or vice versa. At each point the ob- 
served waveform is compared with the correct signal for that 
point. 

sign bit The left-most bit of a binary number that designates 
whether the number is positive (0) or negative (1). 

SIMM Single-in-line memory module. 


SMT Surface-mount technology; an IC package technique in 
which the packages are smaller than DIPs and are mounted on the 
printed surface of the PC board. 


soft core A portion of logic in an FPGA; similar to hard core ex- 
cept it has some programmable features. 


software Computer programs; programs that instruct a computer 
what to do in order to carry out a given set of tasks. 


software interrupt An instruction that invokes an interrupt serv- 
ice routine. 

SOIC Small-outline integrated circuit; an SMT package that resem- 
bles a small DIP but has its leads bent out in a “gull-wing” shape. 
source A sending device of a bus; one of the terminals of a field- 
effect transistor. 


source program A program written in either assembly or high- 
level language. 

speed-power product A performance parameter that is the prod- 
uct of the propagation delay time and the power dissipation in a 
digital circuit. 

SPLD Simple programmable logic device; an array of AND gates 


and OR gates that can be programmed to achieve specified logic 
functions. Four types are PROM, PLA, PAL, and GAL. 


SRAM Static random-access memory; a type of PLD volatile pro- 
grammable link based on static random-access memory cells and 
can be turned on or off repeatedly with programming. 


S-R flip-flop A SET-RESET flip-flop. 


SSI Small-scale integration; a level of fixed-function IC complex- 
ity in which there are up to 10 equivalent gates per chip. 


SSOP Shrink small-outline package. 
stage One storage element (flip-flop) in a register. 
state diagram A graphic depiction of a sequence of states or values. 


state machine A logic system exhibiting a sequence of states con- 
ditioned by internal logic and external inputs; any sequential cir- 
cuit exhibiting a specified sequence of states. 


static memory A volatile semiconductor memory that uses flip- 
flops as the storage cells and is capable of retaining data without 
refreshing. 


storage The capability of a digital device to retain bits; the 
process of retaining digital data for later use. 


string A contiguous sequence of bytes or words. 
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strobing A process of using a pulse to sample the occurrence of 
an event at a specified time in relation to the event. 


subroutine A series of instructions that can be assembled together 
and used repeatedly by a program but programmed only once. 


subtracter A logic circuit used to subtract two binary numbers. 
subtrahend The number that is being subtracted from the minuend. 
sum The result when two or more numbers are added together. 


sum-of-products (SOP) A form of Boolean expression that is ba- 
sically the ORing of ANDed terms. 


sum term The Boolean sum of two or more literals equivalent to 
an OR operation. 


synchronous Having a fixed time relationship; occurring at the 
same time. 


synchronous counter A type of counter in which each stage is 
clocked by the same pulse. 


synthesis The software process where the design is translated into 
a netlist. 


talker An instrument capable of transmitting data on a GPIB 
(general-purpose interface bus). 


target device A PLD mounted on a programming fixture or de- 
velopment board into which a software logic design is to be 
downloaded; the programmable logic device that is being pro- 
grammed. 


terminal count The final state in a counter’s sequence. 


text entry A method of entering a logic design into software us- 
ing a hardware description language (HDL). 


throughput The average speed with which a program is executed. 


timer A circuit that can be used as a one-shot or as an oscillator; a 
circuit that produces a fixed time interval output. 


timing diagram A graph of digital waveforms showing the proper 
time relationship of two or more waveforms and how each wave- 
form changes in relation to the others. 


timing simulation A software process that uses information on 
propagation delays and netlist data to test both the logical opera- 
tion and the worst-case timing of a design. 


toggle The action of a flip-flop when it changes state on each 
clock pulse. 


totem-pole A type of output in TTL circuits. 
trailing edge The second transition of a pulse. 


transistor A semiconductor device exhibiting current and/or volt- 
age gain. When used as a switching device, it approximates an 
open or closed switch. 


trigger A pulse used to initiate a change in the state of a logic 
circuit. 


tristate A type of output in logic circuits that exhibits three states: 
HIGH, LOW, and high-Z; also known as 3-state. 


troubleshooting The technique of systematically identifying, iso- 
lating, and correcting a fault in a circuit or system. 


truth table A table showing the inputs and corresponding output 
level of a logic circuit. 


TSSOP Thin shrink small-outline package. 


TTL Transistor-transistor logic; a class of integrated logic circuit 
that uses bipolar junction transistors. 


TVSOP Thin very small-outline package. 


ULSI Ultra large-scale integration; a level of IC complexity in 
which there are more than 100,000 equivalent gates per chip. 


unit load A measure of fan-out. One gate input represents a unit 
load to the output of a gate within the same IC family. 


universal gate Either a NAND gate or a NOR gate. The term 
universal refers to the property of a gate that permits any logic 
function to be implemented by that gate or by a combination of 
gates of that kind. 


universal shift register A register that has both serial and parallel 
input and output capability. 

up/down counter A counter that can progress in either direction 
through a certain sequence. 


USB Universal serial bus; an external serial bus standard. 
UV EPROM Ultraviolet erasable programmable ROM. 


variable symbol used to represent a logical quantity that can have 
a value of | or 0, usually designated by an italic letter. 


VHDL A standard hardware description language; IEEE Std. 
1076-1993. 


VLSI Very large-scale integration; a level of IC complexity in 
which there are from more than 10,000 to 100,000 equivalent 
gates per chip. 


volatile The characteristic of a programmable logic device that 
loses programmed data when power is turned off. 


weight The value of a digit in a number based on its position in 
the number. 


word A complete unit of binary data. 

word capacity The number of words that a memory can store. 
word length The number of bits in a word. 

WORM Write once-read many; a type of optical storage device. 


write The process of storing data in a memory. 


zero suppression The process of blanking out leading or trailing 
zeros in a digital display. 

Zip disk A type of magnetic storage; a flexible disk with a capac- 
ity of 100 MB housed in a rigid plastic cartridge about the size of 
a floppy. 


ABEL (Advanced Boolean Expression 
Language), 27, 148, 645 
Acceptor, 722 
Access time, 546, 560 
Accumulator, 705 
Adaptive logic module (ALM), 634 
ADC (analog-to-digital converter), 6, 
28-29, 744, 751-760 
dual slope, 754 
flash, "732 
sigma-delta, 758 
simultaneous, 752 
successive approximation, 756 
A/D conversion, 6, 28, 748-762 
incorrect code, 761 
missing code, 760 
offset, 761 
Addend, 68 
Adder, 15, 61, 143, 298-311 
half, 298, 354 
full, 299, 302, 354 
look-ahead carry, 309-311 
parallel, 301-311 
ripple carry, 308 
Adder expansion, 305 
Addition, 15, 68, 78 
Address, 571, 596 
Address access time, 546, 560 
Address bus, 540, 699, 735 
Address decoder, 541, 559 
Address multiplexing, 551 
Address register, 541, 547 
Adjacency, 211, 226 
AHDL (Altera Hardware Description 
Language), 26, 148 
AIM (advanced interconnect matrix), 621 
Aliasing, 747, 776 
Alphanumeric codes, 90, 103 
ALU (arithmetic logic unit), 698, 705, 765 
Amplifier, 5, 752 
Amplitude, 8, 28 
Analog, 4, 40, 744 
Analog oscilloscope, 29 
Analog-to-digital converter (ADC), 6, 28, 
744, 751-760 
AND array, 144, 168 
AND dependency, 470 
AND gate, 13, 24, 40, 117-123, 152-153, 
168, 185-186, 299, 316, 606 
AND-OR, 200, 246, 606 
AND-OR-Invert, 247 
Anti-aliasing filter, 747 
Antifuse technology, 145, 168 
Applications software, 696 
Arbitrary waveform generator, 36 
Architecture, 25, 228, 614, 641, 765 
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Arithmetic Logic Unit (ALU), 698, 705 

ASCII, 90-94, 103 

ASMBL (application specific modular 
block), 641 

Assembler, 709 

Assembler directive, 712 

Assembly language, 708-709, 735 

Asserted state, 114 

Associative laws, 186 

Astable multivibrator, 406, 413 

Asynchronous, 386, 480 

Asynchronous counter, 428-436 

Asynchronous SRAM, 543, 544-547 

Attenuation, 29, 32 

Audio, 5, 747 

Augend, 68 

Automobile parking control system, 466 


Ball-grid array package, 25, 768 
Base, 50, 75, 800 
Base address, 704 
Baseline, 8 
Baud rate, 728 
BCD (binary coded decimal), 16, 84-87, 
95, 103., 320, 324 
addition, 85 
counter, 432, 440, 443 
decoder, 463 
BEDO DRAM, 554 
Bed-of-nails testing, 662, 678 
Bias, 800 
Biased exponent, 66 
Bidirectional counter, 444-447 
Bidirectional shift register, 507-510 
BiCMOS, 22, 151, 812 
Binary, 6, 40, 202, 204 
adder, 15, 143, 301-308 
addition, 57, 127 
counter, 429, 436-439 
data, 10 
decoder, 316 
digit, 6 
division, 59 
fraction, 52 
information, 9 
multiplication, 58 
number, 50-53 
point, 52 
subtraction, 57, 69 
BIOS, 695 
Bipolar junction transistor (BJT), 22, 
151, 800 
Bistable multivibrator, 372, 413 
Bit, 6, 40, 50, 538 
Bit manipulation, 716 
Bitstream, 27, 652 
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Bit time, 9 
Boole, George, 12 
Boolean algebra, 12, 116, 168, 
182-209, 229 
addition, 127, 184 
associative laws, 186 
commutative laws, 186 
DeMorgan’s theorems, 191-194 
distributive law, 186, 189 
domain, 200 
expressions, 116, 121, 127, 134, 139, 187, 
195, 200-227, 229, 250, 450-451, 607 
laws, 185-194 
multiplication, 121, 185 
rules, 187-190 
simplification, 196-200 
Boolean analysis, 194-196 
Borrow, 15, 58 
Boundary scan, 654-661, 664, 678 
Breadboard, 409 
BSC (boundary scan cell), 656 
BSDL (boundary scan description 
language), 666 
Buffer, 545, 724 
Burst, 548 
Bus, 540, 545, 596, 695, 726-734 
address, 540, 699, 735 
control, 545, 699, 735 
data, 539, 699, 735 
EIA-232, 728 
external, 727 
Fire Wire, 728, 735 
General-purpose interface (GPIB), 
4129, [33 
IEEE-488, 729 
TEEE-1394, 728 
internal, 726 
ISA, 726-727 
local, 726-727 
multiplexed, 722 
PCI, 726-727 
RS-232C, 727 
RS-422, 728 
RS-423, 728 
USB, 728, 736 
Bus arbitration, 722 
Bus contention, 723, 725 
Bus interface unit (BIU), 701-702 
Bus signals, 722 
Bypass register, 654 
Byte, 65, 103, 538, 596 


Cache memory, 548, 695 

Carry, 15, 56-57, 69-70, 88, 308 
generation, 309 
propagation, 309 
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Carry look-ahead adder, 309-311 
Cascade, 306, 354, 457, 480 
Cascade chain, 639 
Cascaded counter, 457-460, 471 
CCD (charge-coupled device), 578 
CD player, 5 
CD-R, 584 
CD-ROM, 583 
CD-RW, 584 
Cell, 210, 538, 543, 564, 596, 606 
Cell adjacency, 211, 226 
Cellular telephone, 764 
Channel count, 34 
Checkerboard pattern, 587 
Checksum, 586 
Chip, 19 
Clear, 386, 413, 521 
Clock, 9, 40, 392, 413, 428, 448, 472, 496 
CMOS, 7, 22, 151, 156, 168, 391, 786, 
794-799, 817 
Coarse-grained, 25, 628 
Codec, 764 
Codes, 6, 15, 87-101 
Code converter, 15, 329-331 
BCD-to-binary, 329 
binary-to-Gray, 330 
Gray-to-binary, 331 
Collector, 800 
Combinational logic, 246-278, 296-347 
Combinational mode, 624, 626 
Commutative laws, 186 
Compact disk (CD), 5 
Comparator, 14, 311-315, 566 
Compiler, 27, 40, 646, 679, 709 
Complement, 60, 114, 116, 168, 184, 189, 
191, 234 
Component, VHDL, 267-268, 282 
Component instantiation, 269 
Computer, 692-735 
Configurable logic block (CLB), 628, 
638, 678 
Contact bounce elimination, 375 
Control bus, 545, 699, 735 
Control dependency, 469 
Control unit, 699 
Conversion 
A/D (analog-to-digital), 6, 28, 748-762 
BCD-to-binary, 329 
BCD-to-decimal, 85 
binary-to-decimal, 52 
binary-to-Gray, 88 
binary-to-hexadecimal, 76 
binary-to-octal, 83 
D/A (digital-to-analog), 768-775 
decimal-to-BCD, 85 
decimal-to-binary, 53-56 
decimal-to-hexadecimal, 78 
decimal-to-octal, 82 
fractional, 55 
Gray-to-binary, 88 


hexadecimal-to-binary, 76 
hexadecimal-to-decimal, 77 
octal-to-binary, 83 
octal-to-decimal, 82 

C++ language, 717 

Count-down chain, 458 

Counter, 18, 122, 396, 426-480 
asynchronous, 428-436 
binary, 429, 436-439 
cascaded, 457-460, 471 
decade, 432, 440 
synchronous, 436-457 
up/down, 444-447 

Counter decoding, 461-464 

Coupling, oscilloscope, 31 

CPLD (complex PLD), 23-24, 40, 146, 

148, 613-623, 679 
CPU (central-processing unit), 694, 
73,106 

Cross-assembler, 709 

CRT (cathode-ray tube), 28 

CUPL, 148 

Curie point, 582 

Current sinking, 793, 805, 817 

Current sourcing, 793, 805, 817 


D/A conversion, 768-775 
accuracy, 773 
differential nonlinearity, 774 
errors, 774 
linearity, 773 
monotonicity, 773 
nonmonotonicity, 774 
offset error, 775 
resolution, 771 
settling time, 773 
DAC (digital-to-analog converter), 5, 744, 
769-773 
binary-weighted-input, 769 
R/2R ladder, 771 
DAT (digital audio tape), 582 
Data, 10, 40, 97 
Data acquisition, 35 
Data bus, 539, 699, 735, 
Data communication equipment 
(DCE), 728 
Data rate buffering, 575 
Data register, 541, 707 
Data selector, 16, 331-342 
Data sheet, 157-159, 806 
Data storage, 494, 579 
Data terminal equipment (DTE), 727 
Data transfer, 10, 716 
Data transmission system, 343 
DC component, 31 
DC supply, 37, 151, 155, 786 
Debug assembler, 711 
Decade counter, 432, 440 
Decimal numbers, 48-49, 53-56 
Decimal-to-binary conversion, 53-56 


Decoder, 16, 316-324, 354, 559 
address, 541, 559 
BCD-to-decimal, 320, 462-463 
BCD-to-7 segment, 322-324 
binary, 316 
counter, 461-464 
4-line-to-16-line, 317 
4-line-to-10-line, 320 
1-of-16, 317 
1-of-10, 320 

Delta modulation, 758 

DeMorgan’s theorems, 191-194, 257 

Demultiplexer (DEMUX), 16, 

340-342, 354 

Dependency notation, 469-470, 521-522 

Design, 447 

Design entry, 26, 148, 645 

Design flow, 26, 644, 679 

Development board, 26, 644 

Development software, 26, 643-654 

D flip-flop, 382-383, 413 

Difference, 15, 69 

Digital, 4, 40 

Digital clock, 465 

Digital codes, 4, 87-101 

Digital multimeter (DMM), 37 

Digital oscilloscope, 29-33 

Digital signal processing, 742-777 

Digital-to-analog converter (DAC), 5, 744, 

769-773 

Digital waveform, 7,51, 115 

DIMM, 572 

DIP (dual in-line package), 20, 152-153 

Direct addition, 71 

Direct memory access (DMA), 720- 

d22, 167 
Distinctive shape symbol, 114, 117, 124, 
129, 135, 140, 154, 246, 249 

Distributive law, 186, 189 

Dividend, 73 

Division, 15, 73 

Divisor, 73 

D latch, 376-378 

DLT (digital linear tape), 582 

Domain, 200 

“Don’t care” condition, 220, 234, 449 

Double precision, 66 

Download, 27, 652, 679 

Drain, 794 

DRAM (Dynamic Random Access 

Memory), 542, 549-555, 567, 596 
FPM, 554 
EDO, 554 
BEDO, 554 
synchronous, 554 
DSP (Digital Signal Processor), 
762-768, 777 

DSP core, 765, 777 

DSP programming, 762 

Dual gate symbols, 258, 261 


Dual-slope ADC, 754 

Duty cycle, 9, 407 

DVD (digital versatile disk), 585 

Dynamic input indicator, 378 

Dynamic random-access memory 
(DRAM), 542, 549-555, 567, 596 


ECL (emitter-coupled logic), 813, 817 
Echo, 763 
Edge-triggered flip-flop, 378-393, 413 
EDIF (Electronic Design Interchange 
Format), 650 
EDO DRAM, 554 
E’?CMOS, 146, 607, 816-817 
EIA (Electronic Industries 
Association), 727 
EPROM, 145-146, 168 
EEPROM 146, 168, 555, 563, 567, 613 
EIA-232, 728 
8421 code, 84 
Electronic switch, 16 
Electrostatic discharge (ESD), 22, 798 
Embedded functions, 150, 632, 636, 642 
Emitter, 800 
Enable, 122, 168, 376 
Encoder, 16, 324-328, 354 
decimal-to-BCD, 324 
keyboard, 328 
priority, 326, 355 
Encryption, 765 
Entity, 228 
EPROM, 145, 168, 555, 561-563, 567, 596 
Equality, 312 
Erase, 565 
Error correction, 95-101, 765 
Error detection, 95-96, 343, 765 
Even parity, 95, 342 
Exclusive-NOR, 141, 152, 168, 249 
Exclusive-OR, 139-141, 152-153, 168, 
249, 299, 312, 610 
Execution unit (EU), 701, 705 
Exponent, 66 
Extended ASCII, 92-94 
Extended precision, 66 
Extest, 654, 666 


Falling edge, 7, 115 
Fall time, 8 
Fan out, 156, 168, 792, 817 
Fast page mode DRAM, 553 
Feedback, 372, 510 
Fetch/execute, 694, 701, 767, 777 
Field-effect transistor (FET), 151, 562 
FIFO (first-in—first-out) memory, 
574, 596 
Filter, 737, 764 
anti-aliasing, 747 
reconstruction, 775 
Fine-grained, 25, 628 
Fire Wire, 728, 735 


Fitter tool, 679 
Fitting, 27, 651 
555 timer, 403-409 
Fixed-function logic, 19-22, 150-158 
Flag, 706 
Flash memory, 146, 563-568, 596 
Flat schematic, 646 
Flip-flop, 17, 378-397, 428, 474, 494, 609 
D, 382-383, 495 
J-K, 383-386, 428 
S-R, 379-382 
Flip-flop transition table, 449 
Floating gate, 145, 564, 816 
Floating level, 273 
Floating-point number, 65-67, 103 
Floppy disk, 18, 581 
Flow chart, 586-588, 710 
Flow-through SRAM, 548 
Flying probe testing, 663, 679 
Fowler-Nordheim tunneling, 145 
FPGA (field-programmable, gate array), 
23-24, 41, 146, 148, 628-642, 679 
FPGA core, 631 
FPM DRAM, 554 
Fractional number, 48, 55 
Frequency, 3,3, 23, 392 
Frequency division, 394 
Full-adder, 299, 302 , 354 
Full-modulus cascading, 460 
Functional simulation, 27, 648, 679 
Function block (FB), 621 
Function generator, 36 
Fuse technology, 145, 168 
Fusible link, 561 


GAL (generic array logic), 23, 607, 679 

Gate, 13, 41, 117, 794 

Gated latch, 376-378 

General-purpose interface (GPIB), 
729, 735 

General register, 705 

Glitch, 345, 347, 354, 462, 651 

Global bus, 614 

Graphic entry, 26, 148, 645 

Gray code, 16, 87, 448, 475 

Grounding, 166 


Half-adder, 298, 354 

Hamming code, 96-101, 103 

Handling precautions, CMOS, 22, 798 

Handshaking, 722, 731 

Hard core, 631 

Hard disk, 18, 579, 596, 695 

Hardware description language (HDL), 26, 
148, 228 

Harmonics, 745 

Hertz, 8 

Hexadecimal addition, 78 

Hexadecimal numbers, 35, 75-81, 90, 103 

Hexadecimal subtraction, 80 


INDEX 8 867 


Hex inverter, 152 

Hierarchical approach, 646 
High-level language, 708, 735 
High-level programming, 717 
High-Z state, 724, 798 

Hold, 748 

Hold time, 392, 413, 547 
Horizontal controls, oscilloscope, 31 
Host processor, 631 

Hyper page mode DRAM, 554 
Hysteresis, 400 


Identification register, 654 
TERE 488, 729, 735 
IEEE 1394, 728 
IEEE Std. 754-1985, 66 
IEEE Std. 1076-1993, 228 
IEEHE Std. 1149.1, 149, 168, 654, 664 
Image processing, 763 
Implementation, 27, 650 
Index registers, 705 
Inequality, 313 
Inhibit, 122 
Input, 13, 41 
Input/output (I/O) interrupt, 719 
Input/output (I/O) port, 319, 695 
Instance, 650 
Instruction, 694, 716 
Instruction decoder, 698 
Instruction pairing, 701 
Instruction pointer, 703 
Instruction queue, 701-702 
Instruction register, 654 
Instruments, 27-37 
In-system programming (ISP), 27, 
146, 148 
Integer, 65 
Integrated circuit, 19-22, 41, 150-159, 
784-817 
ADC0804 ADC, 758 
CoolRunner II CPLD, 621, 626 
555 timer, 403-409 
GAL22V 10, 612 
MAX 7000 CPLD, 614-617, 624 
MAX II CPLD, 618-620 
PAL16V8, 611 
Pentium microprocessor, 706 
T4ABT, 151 
T4AC, 151 
T4ACT, 151 
T4AHC, 151 
T4AHCT, 151 
74ALB, 151 
T4ALVC, 151 
T4ALS, 152 
7T4AS, 152 
T4BCT, 151 
TAF, 152 
T4HC, 151 
74HCT, 151 
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T4LV, 151 

T4LVC, 151 

TA4LVT, 151 

7T4LS, 152 

74S, 152 

74121 nonretriggerable one-shot, 399 

74AHC74 dual edge-triggered J-K flip- 
flop, 388 

74F162 synchronous BCD decade 
counter, 443 

74HCOO0 quad 2-input NAND 
gate, 159 

74HC85 4-bit magnitude 
comparator, 314 

74HC112 dual J-K flip-flop, 389 

74HC138 3-line-to-8-line 
decoder/demux, 344, 346-347 

74HC147 decimal-to-BCD priority 
encoder, 326 

74HC154 4-line-to-16-line decoder, 
318, 341 

74HC157 quad 2-input data 
selector/mux, 333 

74HC161 4-bit binary counter, 460 

74HC163 4-bit synchronous binary 
counter, 441 

74HC 1064 8-bit serial in/parallel out 
shift register, 500, 521 

74HC165 8-bit parallel load shift 
register, 503 

74HC190 up/down decade counter, 446 

74HC194 4-bit bidirectional universal 
shift register, 509 

74HC195 4-bit parallel-access shift 
register, 506, 516 

74LS00 quad 2-input NAND gates, 158 

74LS47 BCD-to-7 segment 
decoder/driver, 322, 336 

74LS75 quad D latch, 377 

74LS93 4-bit synchronous binary 
counter, 434 

74LS 122 retriggerable one-shot, 400, 403 

74LS139 dual 2-line-to-4-line 
decoder/demux, 336 

74LS 148 8-line-to-3-line encoder, 326 

74LS151 8-bit data 
selector/multiplexer, 334, 
338-339, 344 

74LS279 quad S-R latch, 375 

74LS280 odd/even parity 
generator/checker, 343-344 

74LS283 4-bit parallel binary adder, 
304 

74XX00 quad 2-input NAND 
gates, 153 

74XX02 quad 2-input NOR gates, 153 

74XX04 hex inverters, 153 

74XX08 quad 2-input AND gates, 153 

74XX10 triple 3-input NAND 
gates, 153 


74XX11 triple 3-input AND gates, 153 
74XX20 dual 4-input NAND gates, 153 
74XX21 dual 4-input AND gates, 153 
74XX27 triple 3-input NOR gates, 153 
74XX30 single 8-input NAND 
gate, 153 
74XX32 quad 2-input OR gate, 153 
74XX86 quad exclusive-OR gates, 153 
TMS320C6000 DSP, 765 
Integrated circuit packages, 20, 24, 152 
Intellectual property (IP), 633, 679 
Interfacing, 722-725 
Interpreter, 709 
Interrupt, 716, 718-720, 735 
Interrupt driven I/O, 719 
Intest, 655, 664 
Intrusion detection, 128 
Invalid code, 85, 220 
Inversion, 114 
Inverter, 13, 41, 60-61, 114-117, 129, 
168, 795 
ISA bus, 726-727 
ISP (In-System Programming), 27, 
146, 148 


Jack Kilby, 383 

Jaz, 581 

J-K flip-flop, 383-386, 413 
Johnson counter, 510-512 
JTAG, 27, 149, 168, 654, 664 
Jump, 716 

Junction, 800 


Karnaugh map, 210-228, 234, 449 
Kerr effect, 583 
Keyboard encoder, 519-521 


LAB (logic block array), 24-25, 613, 679 

Lamp test, 323 

Lands, 583 

Laser, 5, 18, 583-584 

Latch, 372-378, 413, 543 

Latency period, 581 

LCCC (leadless ceramic chip carrier), 
20-21 

LCD (liquid crystal display), 29 

Leading edge, 7 

LED (light emitting diode), 138 

Level indicator, 114 

LIFO (last in—first out) memory, 575, 596 

Listener, 730 

Literal, 184 

Loading, 157, 502, 527, 792-793 

Local bus, 726-727 

Logic, 12-19, 41 

Logic analyzer, 33-35 

Logic array block (LAB), 24, 633 

Logic block, 25 

Logic function generator, 337 

Logic level, 6, 156, 786-787 





Logic module (LM), 630 

Logic operations, 12-14 

Logic probe, 36 

Logic pulser, 36 

Logic schematic, 646 

Logic signal source, 35 

Look-ahead carry adder, 309-311, 354 

Loop, 716 

LSB (least significant bit), 52, 54, 60, 103, 
302, 312, 428 

LSD (least significant digit), 78 

LSI (large scale integration), 21 

LUT (look-up table), 557, 618, 630, 679 


Machine language, 708-709, 736 
Macrocell, 609, 614, 623-624, 626, 679 
Magnetic storage, 18, 579-582 
Magnetic tape, 18, 582 
Magneto-optical disk, 18, 582 
Magnitude, 14 
Mantissa, 65-66 
Mask ROM, 555 
Mealy state machine, 447 
Memory, 18, 150, 448, 536-578, 695 
dynamic, 542, 549-555, 567, 596 
flash, 146, 563-568, 596 
magnetic, 17-18, 579-582 
random-access, 18, 542-555, 596, 695 
read-only, 18, 555-563, 567, 596, 695 
static, 146, 168, 542-549, 567, 596, 
628, 631 
Memory address, 539 
Memory array, 538, 545, 566 
Memory capacity, 539, 596 
Memory depth, 34 
Memory expansion, 568-574 
Memory modules, 572 
Memory testing, 585 
MFLOPS, 766, 777 
Microphone, 5 
Microprocessor, 150, 698-707, 736 
Minimization, 212, 215-216, 221, 234 
Minuend, 69 
MIPS, 766, 777 
MMACS, 766, 777 
Mnemonic, 35, 708 
Mode dependency, 470 
Modem 727, 736 
Modulus, 432, 458, 480 
Monostable multivibrator, 
398-404, 413 
Monotonicity, 773 
Moore state machine, 447 
MOSFET, 22, 794 
MOS memory, 561 
MSB (most significant bit), 52, 54, 88, 
103, 312, 429 
MSI (medium scale integration), 21 
Multiplexed bus, 722 
Multiplexed I/O, 725 


Multiplexer (mux), 16, 331-340, 354, 
467, 639 

Multiplicand, 70 

Multiplication, 15, 70 

Multiplier, 15, 70 

Multivibrator, 372, 398-404, 406, 413 

Music processing, 763 


NAND gate, 129-134, 152-153, 168, 
I91, 256, 258, 316, 372, 461, 
796, 801 

NAND/NAND, 201 

Negation indicator, 114 

Negative-AND, 136-137, 191, 261, 282 

Negative logic, 6 

Negative-OR, 131, 191, 258, 282 

Netlist, 27, 650 

Next-state table, 448 

Nibble, 538 

NMOS, 22, 561, 815 

Node, 273,282 

Noise, 4, 151 

Noise immunity, 151, 788, 817 

Noise margin, 788, 814, 817 

Nondestructive read, 541 

Nonlinearity, 8 

Nonperiodic, 8 

Nonvolatile memory, 542 

NOR gate, 134-139, 152-153, 168, 191, 
25:7,.261, 797 

NOT-AND, 129 

NOT operation, 13, 41, 60 

NOT-OR, 135 

Numerical expansion, 213 

Nyquist frequency, 746, 777 


Object code, 27 

Object program, 709 

Octal numbers, 82-84, 103 

Odd parity, 95, 342 

Offset address, 704 

1’s complement, 60, 62, 64 

One-shot, 398-404, 413 

One-time-programmable (OTP), 145, 
147, 606 

On-the-fly programming, 27, 150 

Op-code, 35, 708 

Open collector gate, 138, 802, 807, 817 

Open drain gate, 138, 797 

Open input, 160, 273 

Open output, 161-162, 273 

Operational amplifier (op-amp), 752 

Optical storage, 583-585 

OR gate, 13, 24, 41, 124-128, 152-153, 
168, 184, 186, 607 

Oscillator, 406 

Oscilloscope, 27-33 

Output, 13, 41 

Overflow, 69 

Overshoot, 7 


Page mode, 553 

PAL (programmable array logic), 23, 
606, 679 

Parallel adder, 301-311 

Parallel data, 10, 41, 393, 467 

Parallel expander, 616 

Parallel-in/parallel out shift register, 
505-507 

Parallel-in/serial out shift register, 501-505 

Parallel load, 502 

Parallel-to-serial conversion, 467 

Parity, 95, 97, 103, 342, 354 

Parity generator/checker, 342-345 

Partial decoding, 432 

Partial product, 15, 59, 71 

PCT, 322, (26 

Pentium, 706 

Period, 8, 28, 408 

Periodic, 8 

Peripheral, 319, 697, 736 

Phase splitter, 800 

Physical address, 704 

PIA (programmable interconnect array), 
24, 613 

Pin numbering, 20 

Pins, input and output, 650 

Pipelined SRAM, 548 

Pipelining, 700, 767, 827, 777 

Pits, 583 

PLA (programmable logic array), 620, 626 

Place-and-route, 27, 651 

Platform FPGA, 633 

PLCC (plastic-leaded chip carrier), 20-21 

PLD (programmable logic device), 22-27, 
143-150, 604-679 

PLD programming, 643-654 

PMOS, 814 

Polarity indicator, 114 

Polled I/O, 718 

Polling, 718 

Pop operation, 576, 578 

Port, 228, 268, 650, 694, 736 

Port map, 269 

Positive logic, 6 

Power dissipation, 151, 156, 392, 414, 
790, 812, 817 

Power supply, 37 

Powers-of-eight, 82 

Powers-of-16, 77 

Powers-of-ten, 48 

Powers-of-two, 50, 52 

Prefetching, 701 

Preset, 386, 414 

Primitive, 679 

Priority encoder, 326, 355 

Probe, 29, 32. 35 

Probe compensation, 32 

Product, 15, 70 

Product-of-sums (POS), 203-206, 221, 
224, 234 
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Product term, 185, 202, 234, 615-616 

Program, 268, 736 

Programmable array, 24, 144, 606 

Programmable array logic (PAL), 23, 606 

Programmable interconnect array (PIA), 
24, 613 

Programmable interrupt controller 
(PIC) 719 

Programmable link, 144-147, 606 

Programmable logic array (PLA), 620, 626 

Programmable logic, 22-27, 143-150, 
604-679 

Programmable logic device (PLD), 22-27, 
143-150, 604-679 

Programmer, 147 

Programming, 26, 147, 266-272, 564, 699, 
707-718 

PROM, 150, 555, 560-563, 596 

Propagation delay time, 151, 154, 168, 
305, 308, 390, 414, 430, 791, 
812, 817 

Propositional statement, 12 

Protocol handling, 765 

Public address system, 5 

Pull-up resistor, 328, 797, 817 

Pulse, 7,41, 115, 122, 263 

Pulse train, 8 

Pulse transition detector, 381 

Pulse width, 8, 392 

Push operation, 576-577 


QIC (quarter-inch cartridge), 582 
Quantization, 749, 777 

Queue, 701 

Quotient, 15, 73 


Race, 410 

Radar, 763 

RAM (random access memory), 18, 542- 
555, 596, 695, 721 

RAM stack, 576 

Range of signed numbers, 65 

Read, 539, 541, 546, 564, 596 

Read/write cycle, 546, 552 

Read/write head, 579 

Real mode, 706 

Real number, 65 

Real time, 28, 745 

Reconstruction filter, 775 

Rectangular outline symbol, 114, 117, 124, 
129, 135, 140, 154, 246, 249 

Recycle, 429, 480 

Refresh, 542,553 

Register, 17, 494, 527, 654 

Register array, 698 

Registered logic, 609, 679 

Registered mode, 625, 627 

Register stack, 575 

Relocatable code, 703 

Remainder, 15, 54 
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Removable storage, 581, 695 

Repeated division-by-2 method, 54 

Repeated multiplication-by-2 method, 56 

Reset, 373, 386, 414, 495 

Resolution, 752 

RIMM, 573 

Ring counter, 512-516 

Ringing, 7 

Ripple blanking, 323 

Ripple-carry adder, 308, 355 

Ripple counter, 430, 457 

Rise time, 8 

Rising edge, 7, 115 

ROM (read-only memory), 18, 555-563, 
567, 596, 695 

ROM access time, 560 

RS-232C, 727 

RS-422, 728 

RS-423, 728 


Sample-and-hold, 744 

Sampling, 28, 745, 777 

Sawtooth waveform, 29 

Schmitt trigger, 400 

Schematic entry, 26, 148, 645, 679 

Schottky, 152, 804 

SCSI (small computer system interface), 
133,736 

SDRAM, 554 

Seat belt alarm, 123 

Sector, 580 

Security system, 525-527, 589-594 

Seek time, 581 

Segment, 702 

Segment register, 702 

Semiconductor, 18, 538 

Sequential timer, 402 

Serial data, 10, 41, 467 

Serial-in/parallel-out shift register, 
499-501 

Serial-in/serial out shift register, 495-499 

Serial-to-parallel conversion, 516, 523 

Set, 372, 386, 414, 495 

Settling time, 773 

Set-up time, 391, 414 

Seven-segment display, 16, 230-233, 336 

Seven-segment decoder logic, 668-677 

Shaft position encoder, 87, 89 

Shared expander, 615 

Shift register, 17, 492-596 

Shift register counter, 510-514 

Shorted input, 162, 273 

Shorted output, 162, 273 

Signal, VHDL, 267-268, 282 

Signal generator, 35 

Signal tracing, 275, 282 

Sign bit, 62 

Signed binary numbers, 62-74 

Sign-magnitude, 62-63 

SIMM, 572 


Simulation 
functional, 27, 648, 679 
timing, 27, 651, 679 

Simultaneous A/D conversion, 752 

Single-precision numbers, 66 

Single-gate logic, 154 

Slice, 638 

SMT (surface mount technology), 20 

Soft core, 631 

Software, 26, 271, 643-654, 696 

Software interrupt, 719 

SOIC (small outline IC) 20, 152-153 

Sound wave, 5 

Source, 722, 794 

Source code, 27 

Source program, 709 

Speaker, 5 

Speech compression 
and decompression, 765 

Speech generation and recognition, 763 

Speed-power product, 156, 792 

SPLD (simple programmable logic 
device), 23, 41, 606-612 

Square wave, 32 

SRAM (static RAM), 146, 168, 542-549, 
567, 596, 628, '631 

S-R flip-flop, 379-382 

SSI (small scale integration), 21 

S-R latch, 372 

SSOP, 20 

Stack pointer, 577, 705 

Stage, 495, 527 

State diagram, 448, 480 

State machine, 448, 480 

Static memory, 146, 168, 542-549, 567, 
596, 628, 631 

Storage, 4, 17, 494, 579 

Storage tank system, 278-281 

Stray effects, 8 

Strobing, 463 

String, 716 

Structural approach, VHDL, 266 

Subroutine, 716 

Subtracter, 15 

Subtraction, 15, 57, 69, 73 

Subtrahend, 69-70 

Successive approximation, 756 

Sum, 15, 57, 68 

Sum-of-products (SOP), 200-203, 212, 
224, 234, 247, 606, 639, 646 

Sum-of-weights method, 53, 56 

Sum term, 184, 204, 234 

Supply voltage, 37, 151, 155-156, 786 

Surface mount technology (SMT), 20 

Switching speed, 154 

Synchronous, 9, 414, 436, 480 

Synchronous burst SRAM, 543, 
547-549 

Synchronous counter, 436-457 

Synchronous DRAM, 554 


Synthesis, 27, 650 
System software, 696 


Talker, 730 

Tape, 18, 582 

Target device, 148, 168, 644, 679 

Telecommunications, 763 

Terminal count, 442, 480 

Test access port (TAP), 655 

Test instruments, 27-37 

Text entry, 26, 148, 645, 679 

T flip-flop, 384 

Threshold, 403, 406 

Throughput, 702 

Tied-together inputs, 811 

Time constant, 8, 398 

Time delay, 514 

Time division multiplexing, 17 

Timer, 403-409, 414, 767 

Times, 71 

Timing diagram, 10, 41, 115, 120, 168, 
428, 433, 437, 440, 457, 518 

Timing simulation, 27, 651, 679 

Toggle, 384, 414, 430 

Totem-pole output, 800, 809, 817 

Track, 580 

Traffic light control system, 348-353, 
411-412, 475-479 

Trailing edge, 7 

Transition table, 449 

Trigger, 31, 378, 398, 405 

Tristate logic, 366, 545, 610, 723-724, 
736, 798, 803, 817 

Troubleshooting, 27, 41, 160-166, 272- 
278, 345-347, 409-411, 471-474, 
522-524, 585-589, 662-667 

Truncated sequence, 432, 460, 471 

Truth table, 114, 118, 125, 130, 135, 
142, 168, 195, 206-208, 220, 
246, 249, 251, 298-299, 303, 
374, 379, 384 

TSSOP 20 

TTL (transistor-transistor logic), 22, 138, 
151-152, 156, 168, 787, 799-812, 817 

TVSOP, 20 

2’s complement, 60-61, 63-64, 72, 80 


UART (universal asynchronous receiver 
transmitter), 518 

ULSI (ultra large scale integration), 22 

Unit load, 157, 168, 793, 817 

Universal gate, 256-257, 282 

Universal shift register, 509 

Unused input, 157, 810 

Up/down counter, 444-447 

USB (universal serial bus), 728, 736 

UV EPROM, 145, 555, 562 


Variable, 116, 184, 234 
Vectoring, 719 


Verilog, 26, 645 

VHDL, 26, 228, 234, 266-272, 645 
Virtual ground, 752 

Vertical controls, oscilloscope, 31 
VLSI (very large scale integration), 21 
Volatile memory, 27, 542 

Volume, 5 

Voting system, 306-308 


Waveform, 7-8, 119, 125, 130, 135, 142, 
263, 275 

Waveform editor, 27, 272, 648 

Weight, 48, 52, 64, 84, 329 

Wired-AND, 807 

Word, 538, 568, 571, 596 

Word-capacity expansion, 571 


INDEX & 871 


Word-length expansion, 568 
WORM (write once-read many) disk, 584 
Write, 539-540, 546, 596 


Zero suppression, 323 
Zip, 581 


